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EXECUTIVE  SUMMARY 


Task  12A  of  the  Federal  Aviation  Administration  (FAA)  Aircraft  In-Flight  Icing  Plan  states  that 
the  “FAA,  along  with  industry  and  research  organizations,  shall  form  a  working  group  to  explore 
categories  of  ice  accretions  that  represent  potential  safety  problems  on  aircraft”  with  the  goal  of 
developing  guidance  material  on  the  determination  of  critical  ice  accretion  shapes  and  roughness 
in  aircraft  certification.  Accordingly,  the  12A  Working  Group  was  formed  under  the  joint 
leadership  of  the  FAA  and  National  Aeronautics  and  Space  Administration  (NASA)  in 
November  1997.  The  working  group  adopted  the  following  charter:  “Develop  guidance 
material,  working  methods,  and  recommendations  for  establishing  the  criticality  of  ice  accretion 
characteristics  on  aircraft  aerodynamic  performance  and  handling  qualities.”  However,  the 
working  group  determined  that  sufficient  information  and  methods  were  not  yet  available  to 
provide  guidance  material  concerning  the  determination  of  critical  ice  shapes  in  certification. 
Steps  were  taken  toward  the  development  of  such  information  and  methods,  and  steps  deemed 
necessary  for  further  progress  were  described.  This  report  describes  the  activities  and  findings  of 
the  12A  Working  Group  and  its  recommended  actions  for  progress  to  meet  the  goals  stated  in  the 
FAA  Aircraft  In-Flight  Icing  Plan  and  the  charter  of  the  working  group. 

The  working  group  reviewed  existing  guidance  material  pertaining  to  the  determination  of 
critical  ice  shapes.  This  guidance  material  was  determined  to  be  very  general  and  not  to  provide 
a  working  definition  of  “critical  ice  shape”  or  a  description  of  engineering  practices  to  be 
followed  in  the  determination  of  such  shapes. 

The  working  group  prepared  and  distributed  a  survey  to  manufacturers  to  gather  information  as 
to  current  practices  followed  by  manufacturers  in  the  determination  of  critical  ice  shapes  in 
certification.  The  responses  showed  these  practices  to  be  extremely  varied,  relying  heavily  on 
engineering  judgment.  The  simulations  tools  used  are  predominantly  two-dimensional  (2D). 

The  working  group  surveyed  publicly  available  data  on  aerodynamic  effects  of  ice  accretions. 
Only  glaze  ice  was  evaluated  in  detail.  Information  concerning  other  types  of  ice  accretions  may 
be  found  in  the  bibliography  in  appendix  E.  This  report  includes  in  its  appendices  a  database 
constructed  as  part  of  this  effort.  (The  database  is  also  available  from  the  FAA  William  J. 
Hughes  Technical  Center  on  electronic  media.)  This  database  can  be  useful  to  both  industry  and 
FAA  Aircraft  Certification  Offices,  providing  a  kind  of  reality  check  in  the  evaluation  of 
candidate  critical  ice  shapes.  However,  it  was  found  that  nearly  all  publicly  available  data  is 
two-dimensional  with  aerodynamic  measurements  mainly  at  low  Reynolds  numbers.  Based  on 
this  finding,  the  working  group  recommended  that  the  research  community  acquire  more  three- 
dimensional  data  and  also  obtain  additional  measurements  at  Reynolds  numbers  more 
representative  of  actual  flight  conditions. 

A  more  formal  definition  of  critical  ice  shape  was  formulated  and  discussed  that  could  be 
employed  in  the  development  of  improved  guidance  material.  The  discussion  emphasized  use  of 
measurable  quantities  related  to  aircraft  performance  and  handling  qualities. 

The  working  group  described  two  approaches  that  it  believed  could  result  in  improved  practices 
and  guidance  material.  These  approaches  should  be  viewed  as  complementary,  not  mutually 
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exclusive.  One  has  the  potential  to  provide  benefits  in  the  relatively  short  run,  while  the  other 
would  have  to  await  major  progress  in  development  and  validation  of  computational  methods. 

The  first  approach,  which  will  be  termed  the  “airfoil  sensitivity  approach,”  places  greater 
emphasis  on  the  airfoil  and  its  sensitivity  to  contamination  represented  by  various  geometries 
(representative  of  ice  accretions)  at  a  range  of  locations  of  the  airfoil.  Less  emphasis  is  placed  on 
the  attempted  prediction  of  particular  ice  shapes  presumed  to  actually  accrete  at  atmospheric 
conditions  believed  to  be  critical.  It  is  suggested  that  such  an  approach  could  shift  attention  to 
earlier  stages  in  the  design  phase  and  could  potentially  provide  both  safety  and  economic 
benefits.  Emphasis  on  this  approach  is  partly  based  on  the  assumption  that  the  capability  of 
available  tools  to  determine  ice  shapes  with  sufficient  accuracy  in  conditions  most  likely  to  be 
critical  (“high”  static  temperatures,  large  liquid  water  content  (LWC),  large  droplets)  has  still  not 
been  fully  evaluated  (although  it  is  a  very  active  area  of  research  at  this  time).  It  is  also  a  matter 
of  not  knowing  the  icing  condition  that  will  produce  the  most  critical  ice  accretion  even  if  the 
tools  were  available.  In  order  that  this  approach  be  effective,  more  experimental  data  are  needed 
on  the  effects  of  ice  shape  geometries  and  locations  on  the  various  types  of  airfoils  in  current  use. 
Without  such  experimental  data  to  guide  the  applicant  in  selection  of  types  and  locations  of  ice  to 
assess  for  the  many  configurations  to  be  accounted  for,  the  process  would  be  difficult  to  implement 
in  a  way  that  provides  benefits  in  terms  of  both  efficiency  and  safety. 

The  second  approach,  which  will  be  termed  the  “comprehensive  aerodynamic  approach,” 
involves  the  development  of  powerful  computational  tools  and  is  quite  fully  outlined  in  this 
report.  The  computational  tools  would  have  to  be  validated  using  an  experimental  database 
much  expanded  over  that  currently  available  as  a  prerequisite  for  acceptance  of  such  tools  in 
certification. 

As  noted,  both  the  airfoil  sensitivity  approach  and  the  comprehensive  aerodynamic  approach 
require  substantially  more  experimental  data  to  be  used  with  confidence.  Experimental  data  are 
needed  for  both  2D  and  three-dimensional  (3D)  configurations,  straight  and  swept  wing,  various 
flight  configurations  (cruise,  hold,  landing),  and  higher  Reynolds  numbers. 

The  consensus  of  the  12A  Working  Group  was  that  research  was  most  needed  now  in  the 
characterization  of  ice  roughness  for  different  types  of  ice  (“sandpaper,”  residual/intercycle  ice, 
glaze,  etc.);  the  investigation  of  the  aerodynamic  effects  resulting  from  parametric  variation  of 
characteristic  ice  accretion  features  (such  as  upper  horn  height  and  location),  and  the 
investigation  of  aerodynamic  effects  resulting  from  variation  of  airfoil  characteristics. 

The  working  group  reached  a  consensus  that  these  items  require  experimental  work,  although  it 
is  hoped  that  computational  tools,  because  of  their  versatility  and  relative  affordability,  will  also 
be  developed  and  utilized  as  fully  as  possible.  These  tools  could  be  computational  fluid 
dynamics  (CFD)  tools,  but  could  also  use  simpler  methods  allowing  the  estimation  of  3D  wing 
results  working  from  experimental  2D  section  data.  Data  of  a  high  quality,  from  wind  tunnels 
capable  of  achieving  high  Reynolds  numbers,  is  needed  to  adequately  assess  questions 
concerning  the  influence  of  ice  shape  features  on  the  aerodynamic  effects  of  ice  shapes. 
Fundamental  work  is  needed  in  the  measurement  and  quantification  of  ice  roughness. 
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The  consensus  of  the  working  group  was  that  the  next  most  important  area  of  research  was 
scaling,  including  aerodynamic  scaling  (How  should  an  ice  shape  accreted  on  a  model  of  one 
size  be  scaled  so  that  it  will  give  the  same  aerodynamic  effects  on  a  model  of  another  size?)  and 
ice  shape  scaling  (How  can  tunnel  parameters  be  adjusted  so  that  different  combinations  of 
parameters  give  comparable  ice  shapes?). 

The  working  group  anticipates  that  its  findings  and  recommendations  will  be  useful  to  research 
organizations  in  formulating  investment  strategies  for  icing  research. 
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1.  INTRODUCTION. 


Task  12A  of  the  Federal  Aviation  Administration  (FAA)  Aircraft  In-Flight  Icing  Plan  [1]  (see 
appendix  A)  states  that  the  “FAA,  along  with  industry  and  research  organizations,  shall  form  a 
working  group  to  explore  categories  of  ice  accretions  that  represent  potential  safety  problems  on 
aircraft”  with  the  goal  of  developing  guidance  material  on  ice  accretion  shapes  and  roughness 
and  resultant  effects  on  performance/stability  and  control.  The  working  group  was  to  address 
several  categories  of  ice  accretion,  including  (but  not  limited  to)  glaze  ice,  rime  ice,  “large- 
droplet  ice,”  “beak  ice,”  “sandpaper”  ice,  residual  ice,  and  intercycle  ice.  These  categories  were 
to  be  considered  during  various  phases  of  flight  (such  as  takeoff,  landing,  climb,  and  hold)  for 
operational  ice  protection  systems,  failed  ice  protections  systems,  and  unprotected  surfaces. 
Accordingly,  the  12A  Working  Group  was  formed  under  the  joint  leadership  of  the  FAA  and 
National  Aeronautics  and  Space  Administration  (NASA)  in  November  1997.  The  working 
group  adopted  the  following  charter:  “Develop  guidance  material,  working  methods,  and 
recommendations  for  establishing  the  criticality  of  ice  accretion  characteristics  on  aircraft 
aerodynamic  performance  and  handling  qualities.” 

However,  the  12A  Working  Group  found  that  the  data  and  methods  required  for  developing  the 
general  guidance  material  require  further  research.  Although  it  was  unable  to  accomplish  its 
main  goal,  the  working  group  accomplished  necessary  “subtasks”  toward  that  goal  and  sketched 
approaches  and  research  necessary  to  the  eventual  development  of  general  guidance  material 
pertaining  to  the  determination  of  critical  ice  shapes  for  aircraft  certification. 

The  discussions  within  the  working  group  helped  to  clarify  the  difficulties  in  developing 
guidance  material.  Manufacturers  and  certification  officials  shared  information  which 
underlined  the  fact  that  the  determination  of  critical  ice  shape  for  an  aircraft  type  is  very  specific 
to  the  aerodynamic  performance  (as  well  as  the  systems  design)  for  that  aircraft  type.  Thus  it 
should  not  be  anticipated  that  guidance  material  can  formulate  a  universal  approach  to  the 
problem  of  critical  ice  shape  determination  for  all  aircraft  types.  However,  guidance  material 
can  be  provided  on  definitions,  procedures,  and  methods  that  will  be  common  to  all  aircraft  icing 
certifications. 

The  working  group  included  representatives  from  the  following  organizations  who  attended 
meetings  and  participated  in  the  preparation  of  this  report:  AARDC  Tower  C;  Airline  Pilots 
Association;  Beech  Aircraft;  BFGoodrich  Aerospace — Ice  Protection  Systems;  Boeing;  De 
Havilland,  Inc.;  Federal  Aviation  Administration;  Galaxy  Scientific  Corporation;  JAA/DGAC-F; 
McDonnell  Douglas;  NASA  Glenn  Research  Center;  Ohio  Aerospace  Institute;  Sikorsky 
Aircraft;  University  of  Illinois  at  Urbana-Champaign;  and  Wichita  State  University.  (See 
appendix  B  for  a  list  of  all  working  group  members.) 

The  working  group  met  twice  in  1997  and  1998,  and  subgroups  worked  between  meetings  to 
develop  material  useful  in  defining  critical  ice  shapes  and  procedures  for  certification.  Other 
than  meetings,  its  work  was  accomplished  through  email  and  telephone  conferences. 

There  was  much  discussion  at  both  meetings  of  the  definition  of  “critical”  ice  shape/ice  shape 
features.  The  following  definition  achieved  general  acceptance. 
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“Critical  ice  shapes  are  those  with  ice  accretion  geometries  and  features 
representative  of  that  which  can  be  produced  within  the  icing  certification 
envelope  that  result  in  the  largest  adverse  effects  on  performance  and  handling 
qualities  over  the  applicable  phases  of  flight  of  the  aircraft.” 

This  definition  is  discussed  in  section  3.1,  “Definition  of  Critical  Ice  Shape  and  Discussion  of 
Definition.” 

2.  CURRENT  GUIDANCE,  METHODS.  AND  DATA. 

2. 1  CURRENT  ADVISORY  MATERIAL. 

In  this  section,  FAA  advisory  material,  which  involves  critical  ice  shapes,  is  briefly  reviewed. 

The  word  “critical”  is  used  in  FAA  advisory  material  in  various  contexts.  It  generally  indicates  a 
condition  or  set  of  conditions  most  likely  to  be  conducive  to  the  largest  adverse  effects  on  a 
component  or  system.  A  more  specific  definition,  or  methods  to  be  followed  in  determining 
criticality,  may  not  be  provided.  In  such  cases,  the  applicant  either  relies  on  accepted 
engineering  practice  or  proposes  and  justifies  practices  applicable  for  particular  certification. 

In  the  case  of  critical  ice  shapes,  the  advisory  material  does  not  provide  a  specific  definition  or 
method,  but  does  indicate  factors  that  can  or  should  be  taken  into  consideration  in  the 
determination  of  critical  ice  shapes.  It  is  implicitly  assumed  that  such  definitions  and  methods 
are  available  in  accepted  engineering  practices,  or  else  will  be  proposed  and  justified  by  the 
applicant.  The  following  passages  from  two  Advisory  Circulars  (ACs)  indicate  factors  that 
should  be  accounted  for  in  the  determination  of  critical  ice  shapes. 

AC  20-73,  §  17e,  states: 

“Wind  tunnel  and/or  dry  air  flight  tests  with  ice  shapes  should  be  utilized.  If  an 
ice  shape  that  is  most  critical  for  both  handling  characteristics  and  performance 
can  be  determined,  then  it  is  only  necessary  to  flight  test  the  most  critical  shape; 
otherwise,  various  shapes  should  be  flight  tested  to  investigate  the  aircraft's 
controllability,  maneuverability,  stability,  performance,  trim  and  stall 
characteristics  for  all  combinations  of  weight,  c.g.,  flap  and  landing  gear 
configurations.  Where  practicable,  the  most  critical  ice  shapes  should  be  tested  in 
combination  with  all  other  expected  ice  accretions  to  determine  the  full  impact  on 
aircraft  performance.” 

This  passage  explicitly  refers  to  “an  ice  shape  that  is  most  critical  for  both  handling  and 
performance,”  thus  identifying  two  factors  in  determining  criticality.  It  also  states  that  wind 
tunnel  and/or  dry  air  flight  tests  should  be  utilized.  It  does  not  describe  how  handling  and 
performance  are  to  be  taken  into  account.  However,  the  Flight  Test  Harmonization  Working 
Group  is  addressing  the  question  of  handling  and  performance  requirements  with  ice  shapes. 
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AC  23.1419-2A,  §  9b,  states: 


“The  45-minute  hold  criterion  should  be  used  in  developing  critical  ice  shapes  for 
which  the  operational  characteristics  of  the  overall  airplane  are  to  be  analyzed.... 

The  critical  ice  shapes  derived  from  this  analysis  should  be  compared  to  critical 
shapes  derived  from  other  analyses  (climb,  cruise,  and  descent)  to  establish  the 
most  critical  artificial  [simulated]  ice  shapes  to  be  used  during  dry  air  flight  tests.” 

This  passage  indicates  that  flight  regime  (45-minute-hold,  climb,  cruise,  and  descent)  is  another 
factor  that  should  be  considered  in  the  analysis  done  by  the  applicant  to  determine  critical  ice 
shapes.  The  effects  of  these  critical  ice  shapes  from  various  regimes  are  to  be  compared  to 
determine  the  most  critical  ice  shape(s)  for  the  flight  testing  in  dry  air  with  simulated  ice  shape. 
It  should  be  noted  that  §  9  of  the  AC  states,  “All  analyses  should  be  validated  either  by  tests  or 
by  previously  FAA-approved  methods.” 

In  summary,  the  ACs  state  that  critical  ice  shapes  are  to  be  critical  with  respect  to  aircraft 
performance  and  handling,  and  that  the  various  flight  regimes  are  all  to  be  considered.  The  use 
of  tunnels  in  generating  ice  shapes  is  recognized,  but  an  explicit  definition  of  critical  ice  shape  is 
not  given,  nor  are  methods  for  determination  of  ice  shape  criticality  described. 

2.2  CURRENT  METHODOLOGY. 

At  its  first  meeting,  the  working  group  determined  that  it  would  be  helpful  in  completing  its  tasks 
to  have  available  a  compendium  of  information  on  ways  in  which  airframe  manufacturers 
currently  determine  critical  ice  shapes  in  certification.  Accordingly,  a  subgroup  was  formed  to 
obtain  such  information  directly  from  the  manufacturers. 

A  survey  was  prepared  by  a  subgroup  of  the  12A  Working  Group.  The  survey  covered  other 
aspects  of  certification,  and  only  the  sections  directly  relevant  to  the  12A  task  are  included  in 
appendix  C.  It  was  recognized  that  some  of  the  responses  by  manufacturers  might  touch  on 
proprietary  matters,  and  thus  assurances  of  confidentiality  were  made  to  the  respondents.  The 
results  were  compiled  by  the  subgroup,  and  distributed  and  discussed  within  the  working  group. 

A  narrative  (see  appendix  D)  has  been  prepared  based  on  the  results  of  the  survey.  In  order  to 
comply  with  the  assurances  of  confidentiality,  this  narrative  is  necessarily  quite  general. 
Nonetheless,  it  does  provide  an  overview  of  methods  which  are  currently  in  use. 

2.3  AERODYNAMIC  EFFECTS  OF  GLAZE  ICE. 

This  section  presents  the  results  of  a  subgroup’s  survey  of  published  data  regarding  ice 
accretions  and  the  resultant  effects  on  aerodynamic  performance.  The  applicability  of  these  data 
to  defining  simulated  ice  shapes  for  certification  was  evaluated  by  correlating  performance 
effects  with  ice  shape  characteristics. 

The  working  group  planned,  in  accordance  with  the  FAA  Icing  Plan,  to  consider  the  effects  of 
the  following  types  of  ice:  sandpaper  ice  (a  thin  layer  of  ice  composed  of  roughness  elements), 
residual  ice  (ice  remaining  after  a  deicer  cycle),  rime  ice,  glaze  ice,  large-droplet  ice  (spanwise 
ridge  accretions  aft  of  the  typical  impingement  zone  for  Appendix  C  of  FAR  25  encounters), 
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beak  ice  (single  horn  ice  shape  on  the  upper  surface),  and  intercycle  ice  (ice  accumulated 
between  deicer  cycles).  These  categories  of  ice  were  to  be  considered  during  various  phases  of 
flight,  such  as  takeoff,  landing,  climb,  and  hold,  for  operational  ice  protection  systems,  failed  ice 
protection  systems,  and  unprotected  surfaces.  However,  because  of  the  amount  of  data  available 
and  the  limitations  on  the  time  and  resources  of  the  working  group,  such  a  comprehensive  study 
was  not  possible  for  this  report.  Instead,  a  bibliography  was  prepared  of  the  aerodynamic  effects 
of  weather-related  contamination  and  tabulations  of  glaze  ice  effects  were  assembled.  Finally,  a 
preliminary  attempt  to  correlate  the  drag  penalties  with  accreted  ice  features  (upper  horn  height, 
angle,  and  position)  is  shown.  It  is  hoped  that  the  information  presented  here  will  help  in 
guiding  the  determination  of  critical  ice  shapes. 

2.3.1  Comments  on  the  Bibliography. 

The  bibliography  appears  in  appendix  E  of  this  report.  It  includes  180  papers  published  to  date 
which  present  experimental  measurements  or  analytical  predictions  of  the  aerodynamic  effects  of 
glaze  ice,  rime  ice,  ice  roughness,  frost,  rain,  freezing  rain  and  drizzle,  ground  anti/deicing  fluids, 
and  protuberances  used  to  simulate  different  kinds  of  contamination.  These  papers  are  cited  in 
this  report,  along  with  the  applicable  reference,  in  the  following  format:  (E.l). 

2.3.2  Summary  of  Published  Studies. 

It  was  not  possible  to  review  all  the  papers  listed  in  the  bibliography,  but  over  100  of  them  were 
summarized  with  regard  to  the  type  of  information  provided.  Appendix  F  summarizes  the 
studies  reviewed  and  includes  various  types  of  weather-related  surface  contamination.  Reported 
are  the  test  facility,  the  models  tested,  the  kind  of  contamination  considered,  and  the  type  of 
aerodynamic  data  reported.  The  first  column  in  appendix  F  gives  the  reference  number  from  the 
bibliography  (appendix  E).  This  appendix  was  prepared  to  give  an  idea  of  the  types  of  studies 
that  have  been  reported  in  the  literature  to  provide  assistance  in  determining  where  there  are 
research  gaps.  It  should  also  help  to  identify  literature  of  a  particular  type  for  future  study. 

2.3.3  Tabulations  of  Performance  Data. 

In  addition  to  the  summary  table  discussed  above,  a  tabulation  was  prepared  of  drag  and  lift 
effects  reported  for  studies  relevant  to  glaze  ice  accretion  at  conditions  within  the  FAA  FAR  25 
Appendix  C  envelope.  Appendix  G  of  this  report  presents  the  drag  increase  and  lift  loss  due  only 
to  protuberances,  glaze  ice  accretion,  or  simulated  ice  (i.e.,  castings  of  ice  accretions  or 
manufactured  representations)  as  reported  in  the  literature  reviewed.  To  limit  the  scope  of  this 
review  further,  only  results  from  tests  using  unswept  airfoils  are  included  in  appendix  G. 

Table  G-l  gives  data  for  studies  using  various  kinds  of  protuberances,  while  table  G-2  reports 
studies  that  used  accreted  ice  or  simulated  ice.  In  both  parts  of  the  table,  each  study  is  identified 
with  the  reference  number  from  the  bibliography  (appendix  E),  the  figure  or  table  number  from 
which  performance  data  were  obtained,  and  the  airfoil  identification  along  with  its  chord.  Table 
G-l  includes  a  description  of  the  protuberance  used.  Table  G-2  contains  additional  information 
about  the  ice  or  ice  simulation  studied.  The  shape  is  identified  based  either  on  the  authors’ 
description  or  on  the  figure  or  table  in  the  paper  where  the  ice  was  described,  the  icing  conditions 
for  accreted  ice  are  given,  and  a  two-dimensional  plot  of  the  ice  shape  is  shown. 
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The  coordinates  of  the  ice  shapes  on  which  the  plots  are  based  were  obtained  by  methods 
discussed  below.  Some  studies  reported  ice  shapes  without  sufficient  definition  to  permit 
coordinates  to  be  determined;  for  example,  two-dimensional  coordinate  data  could  not  be 
obtained  when  only  a  photograph  of  the  ice  was  given  or  when  there  was  no  way  to  scale  the  ice 
shape  illustrated.  Such  studies  were  not  included  in  table  G-2.  Although  the  emphasis  is  on 
glaze  ice,  when  a  study  included  both  glaze  and  rime  ice,  the  rime  results  are  also  reported  for 
completeness. 

The  order  of  presentation  of  shapes  and  performance  data  is  that  used  by  the  original  publication 
on  which  it  is  based.  In  the  paper  of  Olsen,  et  al.  [2]  (E.122),*  icing  tests  were  repeated  at  the 

„  same  conditions  as  part  of  several  test  series  to  demonstrate  effects  of  different  parameters  on  ice 

shape  and  drag.  Similar  results  were  then  also  repeated  in  the  reported  figure  s.  To  maintain 
consistency  with  that  publication’s  order  of  presentation,  these  shapes  and  results  are  repeated  in 

#  table  G-2  as  well.  Note  that  in  some  cases  ice  shapes  appear  to  have  somewhat  different 
characteristics  for  the  same  icing  conditions.  These  differences  are  indicative  of  the  repeatability 
of  icing  tests. 

The  description  of  the  contamination  in  both  tables  G-l  and  G-2  includes  three  characteristic 
dimensions.  The  choice  of  which  dimensions  of  the  ice  most  affect  the  aerodynamic  penalties 
followed  two  National  Advisory  Committee  on  Aeronautics  (NACA)  studies  from  the  1950s. 
Bowden  [3]  (E.19)  concluded  from  a  study  using  spoilers  that  drag  increases  approximately 
linearly  with  the  height  of  the  spoiler  and  also  increases  with  the  distance  of  the  spoiler  from  the 
leading  edge.  For  ice  accretions,  Gray  [4]  (E.60)  identified  the  upper  horn  height  and  angle  as 
critical  to  the  loss  in  aerodynamic  performance.  Since  the  upper  horn  size  and  location 
determine  the  size  and  location  of  the  upper-surface  separation  bubble,  these  dimensions  directly 
influence  aerodynamic  performance  and  are  therefore  logical  choices  as  critical  dimensions.  For 
this  study,  then,  the  upper  horn  height-to-chord  ratio,  h/c,  dimensionless  chordwise  location,  x/c, 
and  angle,  9,  relative  to  the  chord  line  will  be  reported  for  each  ice  shape.  These  characteristic 
dimensions  are  shown  in  figure  1 .  (These  definitions,  in  particular  the  measurement  convention 
for  9,  are  not  identical  to  those  used  in  some  current  studies,  for  example,  recent  LEWICE  2.0 
validation  studies.  These  definitions  have  not  yet  been  standardized,  but  definitions  are  under 
consideration  by  the  1 1 A  Working  Group.) 

•  Figure  1(a)  illustrates  a  glaze  shape  with  well-defined  features.  If  a  straight  reference  line  is 
drawn  along  the  upper  trailing  edge  of  the  most  prominent  feature  of  the  main  ice  shape,  the  x- 
coordinate  of  the  intersection  of  the  line  with  the  airfoil  surface  is  the  characteristic  location  of 

*  that  ice  shape.  The  height  of  the  feature,  h,  is  measured  from  the  airfoil  surface  where  the 
trailing  edge  of  the  feature  would  intersect  the  surface.  The  angle,  9,  is  the  angle  between  the 
chord  line  and  the  upper  horn  trailing-edge  line.  The  angle  is  positive  if  measured  clockwise 
from  the  chord  line,  as  in  figure  1(a),  and  negative  if  measured  counterclockwise.  For  studies 
with  ice  or  simulated  ice  reported  in  table  G-2,  the  characteristic  dimensions  were  found  by 
plotting  the  digitized  ice  shape  and  using  image-analysis  software  to  record  locations,  lengths, 
and  angles  of  the  prominent  feature. 


‘Note:  The  bibliography  number  (listed  in  appendix  E)  is  given  in  parentheses  after  the  reference  number,  which  is 
given  in  brackets. 
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(a)  Definition  of  Characteristic  Dimensions. 


(b)  Ambiguity  of  Characteristic  Dimensions  for  Some  Shapes 

FIGURE  1 .  CHARACTERIZATION  OF  ICE  SHAPE  DIMENSIONS  (Parameters  H  And  6 

From  Gray  [60]) 


Protuberances  were  assumed  to  simulate  the  upper  horn  of  a  glaze  ice  accretion,  and  the 
characteristic  dimensions  were  defined  accordingly.  The  x/c  values  were  taken  at  the  center  of 
the  protuberance  at  its  base  on  the  airfoil.  Because  some  studies  have  used  different 
conventions,  for  example,  the  position  of  the  front  of  the  protuberance,  the  locations  reported  in 
the  source  reference  may  differ  somewhat  from  values  in  table  G-l.  For  the  Kim  and  Bragg 
study  [5]  (E.98)  the  values  of  x/c  were  calculated  from  the  published  6  and  known  airfoil 
coordinates.  Papadakis,  et  al.  [6]  (E.126)  reported  a  spoiler  angle,  6,  measured  from  a  line 
normal  to  the  chord  line  such  that  positive  angles  resulted  if  the  protuberance  leaned  toward  the 
trailing  edge  of  the  airfoil  and  negative  if  it  leaned  forward.  Thus,  the  values  of  0  shown  in  table 
G-l  for  the  Papadakis  data  are  90°  greater  than  the  6s  given  in  reference  [6]  (E.126). 

For  some  ice  shapes,  definition  of  the  characteristic  dimensions  was  not  as  evident  as  that  shown 
in  figure  1(a).  Figure  1(b)  shows  ice  with  a  large  central  structure  and  only  slightly  smaller 
features  aft.  For  this  kind  of  shape,  it  is  possible  to  define  more  than  one  set  of  characteristic 
dimensions.  For  example,  one  set  can  be  based  on  a  reference  line  drawn  along  the  trailing  edge 
of  the  main  ice  shape,  while  for  a  second  set,  it  extends  from  the  main  peak  to  the  apparent 
impingement  limit  of  the  ice  growth.  Note  that  6]  is  positive  while  02  is  negative  in  this 
example.  For  this  study,  most  accretions  similar  to  that  of  figure  1(b)  were  characterized  by  the 
first  set  of  dimensions.  Clearly,  however,  the  ambiguity  involved  could  result  in  significant 
differences  in  the  way  two  observers  might  characterize  the  same  ice  shape.  Which  set  of 
dimensions  best  correlates  the  aerodynamic  penalties  would  need  to  be  established  by  further 
study.  For  very  short  accretion  times,  ice  shapes  were  too  poorly  defined  to  estimate 
characteristic  dimensions;  for  these  situations,  no  characteristics  have  been  reported  in  the  table 
(see,  for  example,  table  G-2.1,  runs  129  and  202.) 

Gray  [4]  (E.60)  reported  his  own  measurements  of  horn  height,  h,  and  horn  angle,  6.  To  gain 
some  sense  of  the  uncertainty  in  the  characteristic  dimensions  in  table  G-2,  Gray’s  published 
values  were  compared  with  results  using  the  methods  of  the  present  study.  Horn  height  was 
found  to  agree  with  Gray’s  values  within  ±10%  and  horn  angle  agreed  within  ±2.5°.  The  values 
given  in  table  G-2  for  the  Gray  study  for  h/c  and  6  are  taken  from  reference  [4]  (E.60).  For  a  few 
shapes.  Gray  gave  no  value  for  6.  For  those  cases,  the  angle  given  in  appendix  G  was  measured 
using  present  methods  from  Gray’s  published  ice  shapes. 

Finally,  both  parts  of  appendix  G  give  aerodynamic  data  along  with  the  Reynolds  number  at 
which  data  were  obtained.  If  the  Reynolds  number  was  not  reported  in  the  source  publication,  it 
was  calculated  from  the  published  velocity,  static  temperature,  and  airfoil  chord.  The  only  work 
for  which  this  was  not  possible  was  the  Bowden  study  [3]  (E.19),  for  which  neither  the  velocity 
nor  the  Reynolds  number  for  the  spoiler  experiments  was  specified. 

For  all  studies,  the  increase  in  drag  is  given  in  the  table  along  with  the  angle  of  attack  for  which 
it  was  found.  ACd  values  are  not  shown  in  the  table  for  angles  of  attack  greater  than  8  or  9°, 
although  data  were  sometimes  published  for  higher  angles.  The  last  two  columns  give  the 
change  in  angle  of  attack  at  which  the  maximum  lift  coefficient  was  observed,  A(Xci,max ,  and  the 
change  in  maximum  lift  coefficient,  ACiimax,  due  to  the  ice  contamination.  Data  were  not 
included  from  published  curves  if  it  was  not  evident  that  sufficiently  high  a’s  had  been  tested  to 
show  the  maximum  lift  coefficient.  Bowden’s  [3]  (E.19)  curves,  for  example,  ended  with  C/ 
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continuing  to  increase  with  a.  The  lift  curves  reported  by  Addy,  et  al.  [7]  (E.5)  also  failed  to 
peak  out,  but  communication  with  the  first  author  indicated  the  test  airfoils  demonstrated 
vibration  characteristics  typical  of  those  at  maximum  lift;  thus,  the  maximum  lift  coefficients 
reported  by  Addy,  et  al.  were  assumed  to  be  Ciimax.  When  the  tables  of  drag  and  lift  were 
published,  the  data  for  appendix  G  were  taken  from  these  tabulations.  In  some  cases,  data  were 
provided  by  the  authors.  If  data  were  only  available  in  graphical  form,  the  values  in  appendix  G 
were  obtained  by  digitizing  the  published  data  plots. 

Table  G-l  lists  studies  alphabetically  and  includes  all  relevant  studies  reviewed.  Table  G-2  is 
also  organized  alphabetically,  but  requires  more  space  for  each  study  due  to  the  ice  shape  images 
included.  For  this  reason,  it  is  divided  into  several  subsections.  First,  each  study  is  contained  in 
a  separate  subsection;  for  example,  table  G-2.1  covers  only  the  results  of  Addy,  et  al.  [7]  (E.5). 
Several  of  Bragg’s  studies  [8,  9,  10,  and  1 1]  (E.24,  E.25,  E.28,  and  E.29)  are  grouped  together  in 
table  G-2.2  because  the  same  ice  shapes  were  used  for  all.  The  Flemming  and  Lednicer  [12] 
(E.56)  work  included  extensive  data  on  nine  different  airfoils;  thus,  table  G-2.4  is  further 
subdivided  into  subsubsections  (i)  through  (ix),  each  devoted  to  one  airfoil.  Gray  [4]  (E.60)  used 
only  one  airfoil  but  presented  so  many  test  conditions  and  ice  shapes  that  table  G-2.5  is  also 
subdivided  according  to  the  page  of  the  original  report  on  which  the  shape  and  performance  data 
were  given.  The  Shin  and  Bond  papers  [13  and  14]  (E.150  and  E.151)  presented  data  from  the 
same  study  in  different  ways.  Information  from  both  references  were  combined  for  inclusion  in 
the  single  subsection  table  G-2.7. 

In  general,  data  were  not  critically  reviewed  before  including  them  in  appendix  G.  However, 
based  on  an  inspection  of  the  original  ice  tracings  supplied  by  Flemming,  the  identifying  run 
labels  for  the  ice  shapes  of  runs  637  and  726  for  Flemming  and  Lednicer  are  reversed  in  figure 
30  of  reference  [12]  (E.56).  Thus,  the  run  identifications  in  table  G-2.4(ii)  are  based  on  the 
tracings  rather  than  the  report.  Also,  the  Papadakis,  et  al.  [6]  (E.126)  study  involved  tests  with 
both  a  12-  and  a  24-in-chord  NACA  0011.  While  the  24-in.-chord  clean-airfoil  lift  data  reported 
were  consistent  with  NACA  4-digit  airfoil  results  given  by  Abbott  and  von  Doenhoff  [15]  (E.3), 
the  12-in-chord  data  were  not.  Thus,  pending  a  better  understanding  of  the  discrepancy,  the 
latter  were  not  included  table  G-l. 

2.3.4  Correlations  of  Drag  Increase. 

Vernon  Gray,  working  for  NACA  and  later  NASA,  published  correlations  relating  the  drag 
increase  to  icing  conditions  [4,  16,  17,  18,  19]  (E.60,  E.61,  E.62,  E.63,  E.64).  These  correlations 
were  based  on  data  obtained  in  what  is  now  the  NASA  Glenn  Icing  Research  Tunnel  (IRT). 
Unfortunately,  there  appears  to  be  little  physical  basis  for  these  correlations,  and  the  correlating 
parameter  was  simply  a  collection  of  terms  developed  into  a  form  that  worked  for  Gray  s  data. 
A  fundamental  problem  with  this  approach  is  that  it  cannot  be  applied  universally  to  results  from 
all  icing  tunnels  or  to  flight  because  different  tunnels  sometimes  produce  somewhat  different  ice 
shapes  for  the  same  icing  conditions,  and  tunnel  ice  shapes  may  not  agree  with  in-flight 
accretions.  The  methods  and  instruments  used  to  calibrate  the  medium  volume  diameter  (MVD) 
and  liquid  water  content  (LWC)  in  icing  tunnels  have  not  been  standardized.  Furthermore,  even 
if  instrumentation  were  standardized,  differences  in  flow  quality,  in  the  uniformity  of  relevant 
parameters  across  the  test  section,  and  in  tunnel  physical  features  would  probably  still  give 
variations  in  ice  shapes  from  tunnel  to  tunnel.  It  has  not  even  been  possible  to  apply  Gray’s 
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1958  correlation  to  data  taken  later  in  the  IRT  [2]  (E.122);  this  is  almost  certainly  because  of 
changes  in  the  IRT  calibration  techniques  and  instruments  through  the  years.  Thorough 
documentation  of  the  IRT  calibration  and  methods  has  only  been  maintained  in  the  last  two 
decades,  and  calibration  information  from  Gray’s  time  appears  to  have  been  lost.  Note  also  that 
Gray’s  correlation  incorporates  static  rather  than  total  temperature,  with  the  consequence  that  the 
errors  tend  to  be  large  at  high  speeds. 

Subsequent  work  by  Bragg  [20]  (E.21)  and  by  Flemming  and  Lednicer  [12]  (E.56)  provided  drag 
correlations  based  on  ice  accretion  terms  that  appear  to  overcome  some  of  the  shortcomings  of 
the  Gray  correlation.  However,  to  obtain  a  correlation  that  is  universally  applicable,  it  is  best  to 
correlate  aerodynamic  performance  effects  with  the  ice  features  that  most  affect  the  performance. 
As  noted  above,  those  features  have  been  identified  by  Gray  and  by  Bowden  [3]  (E.19)  as  upper- 
horn  height,  angle,  and  position,  identified  in  figure  1. 

For  this  report,  limited  work  was  done  to  look  at  the  effectiveness  of  incorporating  these  three 
dimensions  into  a  parameter  which  would  correlate  aerodynamic  penalty  data.  One  combination 
was  the  product,  (/?/c)sin(0  +  a).  This  expression  gives  the  nondiinensional  height  of  the  ice  or 
protuberance  normal  to  an  undisturbed  streamline.  In  figure  2,  the  increase  in  drag  due  to  the  ice 
is  plotted  against  (/?/c)sin(0  +  a)  for  all  of  the  published  studies  listed  in  tables  G-l  and  G-2  for 
angles  of  attack,  a ,  less  than  or  equal  to  3.2°.  The  legend  on  the  figure  indicates  the  source  of 
the  data  (where  the  number  refers  to  bibliography  entries),  the  airfoil  used  in  each  study,  and  the 
type  of  contamination.  A  variety  of  airfoils  is  included  with  chords  from  2.69  to  72  inches. 
Contamination  includes  ice  produced  in  icing  tunnels,  simulated  ice  (including  ice  castings  and 
fabricated  representations),  and  various  kinds  of  protuberances.  Data  for  protuberances  are  only 
included  when  the  contamination  was  located  at  or  upstream  of  x/c  =  0.05.  Locations  aft  of  this 
are  not  typical  of  glaze  ice  formed  in  appendix  C  conditions,  which  is  the  focus  of  this  report. 
Aerodynamic  penalties  appearing  in  this  correlation  were  obtained  from  icing  tunnels  as  well  as 
aerodynamic  tunnels. 

Although  there  is  significant  scatter  in  the  data  shown  in  figure  2,  ACj  generally  increases  with 
(, h/c)sin(6  +  a)  for  low  angles  of  attack.  Note  that  the  Olsen,  et  al.  [2]  (E.122)  data  are 
consistent  with  the  Gray  [4]  (E.60)  results  when  this  correlating  parameter  is  used,  while  Olsen 
reported  little  agreement  between  the  Olsen  and  Gray  data  when  the  Gray  correlation  was  used. 
The  determination  of  the  importance  of  dimensionless  chordwise  position  of  the  downstream 
edge  of  the  ice,  x/c ,  and  its  inclusion  in  a  correlating  parameter  will  require  further  study.  One 
possibility  might  be  to  include  the  airfoil  thickness  at  x/c  as  an  additional  parameter  in  the  h/c 
term.  (See  x  in  figure  1 .) 

Correlations  for  higher  angles  of  attack  have  not  been  considered  in  this  preliminary  study. 
Furthermore,  different  definitions  of  the  horn  height  and  angle  [21]  might  need  to  be  considered; 
alternate  definitions  were  not  evaluated.  The  correlation  of  figure  2  suggests  that  it  should  be 
possible  to  obtain  a  good  estimate  of  the  drag  increase  due  to  ice  by  testing  with  very  simple 
shapes  attached  to  the  upper  surface  of  the  airfoil.  Studies  using  this  approach  have  recently 
been  reported  by  Kim  and  Bragg  [5]  (E.98)  and  Papadakis,  et  al.  [6]  (E.  126).  Additional  work  to 
develop  meaningful  correlating  parameters  for  both  drag  increase  and  lift  loss  is  recommended. 
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Angle  of  Attach,  0  to  3°.) 
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2.3.5  Methods  Used  to  Obtain  Ice-Shape  Coordinates. 


The  ice-shape  coordinates  used  for  the  plots  in  table  G-2  were  generally  obtained  by  digitizing 
ice-shape  image  published  in  the  studies  reviewed  using  image-analysis  software  (SigmaScan 
Pro).  The  software  was  operated  in  an  automatic  line-tracing  mode  with  x,  y  coordinates 
recorded  every  5th  pixel.  To  obtain  full-size  coordinates,  the  image  was  first  calibrated  to  a  scale 
recorded  with  the  image.  The  conventional  origin  of  the  coordinate  system,  at  the  leading-edge 
of  the  clean  airfoil,  was  used.  The  scale  for  the  shapes  was  determined  either  directly  from 
dimensions  on  the  published  source  or  by  inference  by  matching  known  airfoil  coordinates  with 
the  published  image  of  the  airfoil  shape.  The  digitizing  method  follows  only  the  outside  line  of  a 
shape,  so  some  features  may  be  lost  from  the  original.  For  example,  when  two  features,  such  as 
adjacent  feathers,  share  a  common  boundary,  this  boundary  line  may  not  be  included  in  the 
digitized  coordinates. 

When  the  source  figure  included  several  ice  shapes  drawn  on  the  same  airfoil  for  comparison,  it 
was  sometimes  difficult  to  identify  the  line  for  each  shape,  especially  in  the  feather  regions 
behind  the  main  airfoil.  For  most  of  these  cases,  original  ice-shape  tracings  were  available  to 
assist  in  defining  the  correct  shape.  Gray’s  [4]  (E.60)  ice-shape  images  were  published  with  a 
1/4-in  grid.  However,  due  to  the  small  size  of  the  images,  the  magnification  required  for  analysis 
resulted  in  thick  grid  lines  and  poor  definition  of  scale;  consequently,  coordinates  reported  are 
probably  accurate  to  only  ±  0.05  in.  For  many  of  the  ice  shapes  published  by  Olsen,  et  al.  [2] 
(E.122),  sources  other  than  the  published  figure  s  were  available  with  better  definition  of  the 
scale,  so  these  were  used  to  establish  ice-shape  coordinates. 

For  some  studies,  coordinate  information  was  available  without  digitizing  the  published  ice- 
shape  images.  The  coordinates  given  for  the  Addy,  et  al.  [7]  (E.5)  ice  shapes  were  provided  by 
the  first  author.  The  coordinates  for  the  shapes  used  in  Bragg’s  studies  for  references  8,  9,  10, 
and  1 1  (E.24,  E.25,  E.28,  and  E.29)  were  published  in  reference  9  (E.25)  and  reproduced  here. 
The  coordinates  for  the  Shin  and  Bond  studies  [13  and  14]  (E.150  and  E.151)  were  supplied  from 
the  NASA  Glenn  Icing  Branch  archives. 

Nondimensional  clean  airfoil  coordinates  for  the  NACA  airfoils  were  generally  obtained  from 
tables  and  methods  described  in  Abbott  and  von  Doenhoff  [15]  (E.3).  However,  for  the  Gray 
study  [4]  (E.60)  the  NACA  65A004  coordinates  were  taken  from  Brun,  et  al.  [22].  Other  airfoil 
coordinates  were  supplied  by  the  authors  of  the  various  studies. 

All  parts  of  Appendices  F  and  G  were  prepared  in  Excel  97  format  and  are  available  from  the 
FAA.  In  addition,  the  ice-shape  and  clean-airfoil  coordinates  used  for  the  plots  in  table  G-2  are 
given  in  tables  on  a  CD  distributed  as  an  addendum  to  this  report.  The  addendum  tables  are  also 
in  Excel  97  format.  They  are  organized  to  be  consistent  in  numbering  with  table  G-2.  For 
example,  the  ice-shape  coordinates  for  the  data  of  table  G-2.5(i)  are  in  table  A-5(i). 

3.  CONSIDERATIONS  FOR  IMPROVED  METHODS  AND  GUIDANCE. 

3. 1  DEFINITION  OF  CRITICAL  ICE  SHAPE  AND  DISCUSSION  OF  DEFINITION. 

The  following  definition  was  adopted  by  the  working  group  after  considerable  discussion: 
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“Critical  ice  shapes  are  those  with  ice  accretion  geometries  and  features 
representative  of  that  which  can  be  produced  within  the  icing  certification 
envelope  that  result  in  the  largest  adverse  effects  on  performance  and  handling 
qualities  over  the  applicable  phases  of  flight  of  the  aircraft.” 

This  definition  is  similar  to  guidance  in  ACs  (see  above),  but  goes  beyond,  in  that  it  focuses  on 
ice  accretion  geometries  and  particular  features  which  may  contribute  to  criticality. 

The  following  discussion  addresses  the  identification  of  ice  accretion  geometries  and  features 
and  the  expression  of  performance  and  handling-qualities  effects  in  terms  of  measurable 
quantities. 

Ice  accretion  geometries  and  features  include  ice  thickness,  ice  horn  characteristics,  and  ice 
surface  texture.  The  ice  thickness  refers  to  the  height  of  the  ice  above  the  aircraft  surface,  as 
well  as  its  location  and  its  distribution  on  the  aircraft  surface.  An  ice  horn  is  a  distinctive 
protuberance  of  ice  extending  outward  from  the  aircraft  surface  noticeably  more  than  any 
surrounding  ice.  The  horn’s  features  include  its  length,  its  location  on  the  aircraft  surface,  and  its 
angle  with  respect  to  that  surface,  as  well  as  its  surface  characteristics. 

The  “largest  adverse  effects  on  performance”  refer  to  ice  shapes  and  ice  features  which  result  in 
the  largest  loss  in  lift,  the  largest  decrease  in  stall  angle,  the  greatest  increase  in  drag,  and/or  the 
largest  change  in  pitching  moment  which  may  be  realized  under  the  certification  conditions.  The 
largest  adverse  effects  on  handling  qualities  refer  to  ice  shapes  and  ice  features  that  exhibit  the 
greatest  effects  on  the  aerodynamics  of  aircraft  control. 

Occasionally,  a  stall  strip  is  used  to  simulate  ice  accretion  on  an  aircraft  wing  surface.  A  stall 
strip  is  a  long  piece  of  material  having  a  rectangular  or  triangular  cross  section.  It  is  attached  to  a 
wing  surface  to  simulate  an  ice  horn.  The  strip’s  location  on  the  wing,  as  well  as  its  angle  with 
respect  to  the  wing,  can  have  a  large  effect  on  the  aerodynamic  performance  of  the  wing. 
Maximum  lift  coefficient,  stall  angle,  maximum  drag,  and  maximum  change  in  lift  coefficient 
are  often  all  strongly  affected  by  the  location  and  angle  of  the  stall  strip  on  the  wing.  The  stall 
bar  orientation  that  results  in  the  maximum  degradation  of  these  parameters  is  the  critical 
condition.  This  orientation  must  be  consistent  with  ice  accretions  that  are  to  be  expected  within 
the  certification  envelope  over  the  applicable  phases  of  flight. 

In  the  case  of  a  control  surface,  ice  accretion  on  the  leading  edge  of  a  horizontal  stabilizer,  for 
instance,  may  be  tolerable  from  the  standpoint  of  lift  and  drag  on  the  component;  however,  the 
ice  accretion  may  diminish  the  effectiveness  of  the  elevator.  The  ice  that  diminishes  the  elevator 
effectiveness  most  is  the  critical  ice  shape.  This  ice  shape  must  be  produced  within  the 
certification  envelope  and  during  the  applicable  phases  of  flight. 

3.2  AN  “AIRFOIL  SENSITIVITY  APPROACH”  TO  CRITICAL  ICE  SHAPES. 

This  approach  is  based  on  current  knowledge  and  methods  concerning  airfoil  sensitivity  to 
contamination. 

The  intent  of  the  FAA’s  icing  regulations  is  to  ensure  that  the  certificated  aircraft  type  has  no 
unsafe  characteristics  in  the  most  adverse  icing  conditions.  Contemporary  certification 
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engineering  practice  for  most  aircraft  typically  consists  of  a  progressive  process  involving 
determination  of  impingement  limits,  ice  shape  determination,  and  testing  in  a  tunnel  or  on  a 
full-scale  flight  test  article,  ultimately  concluded  by  flight  in  natural  icing  conditions.  Such  an 
approach  may  be  characterized  as  comprising  an  intensive  “inductive”  process.  The  process 
relies  on  current  tools  (for  example,  computer  codes,  tunnels,  or  tankers)  for  determining  ice 
shapes.  It  is  dependent  on  individual  expertise  and  judgment  in  determining  the  most  severe 
icing  conditions  and  critical  ice  shapes,  and  does  not  take  place  until  late  in  the  design  process  or 
until  after  that  process  is  completed.  Thus,  the  design  may  have  been  optimized  for  the 
uncontaminated  state  before  icing  has  been  considered. 

*  Icing  incidents  and  accidents  have  raised  the  possibility  that  not  all  potential  problem  areas  are 

being  examined  and  addressed  during  certification.  An  approach  that  could  be  supplementary  to 
(and  perhaps  an  alternative  to  some  parts  of)  the  current  approach  would  place  greater  emphasis 

»  earlier  in  the  process  on  the  determination  of  the  sensitivity  of  airfoil  performance  characteristics 

to  contamination  and  less  emphasis  on  the  determination  of  actual  ice  shapes.  Such  an  approach 
might  be  called  a  “deductive  process,”  emphasizing  a  shift  in  emphasis.  As  used  here,  the  term 
“deductive”  process  involves  the  determination  of  sensitivity  of  airfoil  characteristics  to 
contamination.  Specifically,  analysis  of  airfoil  response  to  contamination  may  yield  critical 
information  on  how  the  airfoil  reacts  to  the  effects  of  shapes  as  a  function  of  the  size  and 
chordwise  position  of  the  test  shape  on  the  airfoil.  This  analysis  contrasts  with  predicting  ice 
shapes  that  would  accrete  in  specific  icing  cloud  conditions.  The  effects  in  one  or  more  critical 
aerodynamic  characteristics  may  then  be  evaluated  to  determine  limits  of  ice  protection  in  both 
chord  and  span,  and  acceptable  decrement  of  the  aircraft  performance  and  handling 
characteristics.  Some  of  the  analyses  may  need  to  consider  configuration-dependent  design 
features  as  well  as  airfoil  characteristics. 

Performance  and  handling  characteristics  may  be  evaluated  as  the  ultimate  effect  of  the  shape  on 
the  lift  curve,  drag  polar,  pitching  moment,  hinge  moment,  and  related  characteristics.  Thus,  it 
may  be  practical  to  make  design  and  certification  decisions  weighting  airfoil  sensitivity  more 
heavily  than  shapes  determined  using  currently  available  tools. 

The  deductive  approach  described  here  was  first  researched  by  Jacobs  [23]  and  has  more  recently 
been  studied  by  Bragg,  et  al.  [5],  Papadakis,  et  al.  [6],  and  others.  The  data  of  Jacobs  was 
probably  first  applied  in  a  deductive  way  by  Johnson  [24]  who  used  it  to  argue  for  extending  the 
boot  further  aft.  Jacobs  studied  the  aerodynamic  effects  of  protuberances  of  varying  height 
placed  at  the  leading  edge  and  at  various  chordwise  locations.  In  general,  the  results  of  Jacobs 
and  of  Johnson  showed  that  aft  of  the  leading  edge,  a  maximum  decrement  in  lift  and  stall  angle 
occurred  at  a  specific  chordwise  location  and  that  the  adverse  effect  diminished  aft  of  that 
position. 

One  conclusion  is  that  understanding  the  type  and  magnitude  of  the  aerodynamic  decrements 
could  make  possible  early  consideration  in  the  design  process  of  degraded  operational 
characteristics  and  other  design  features  of  the  airplane  relating  to  performance  or  handling 
characteristics.  While  the  studies  of  Jacobs  [23],  Johnson  [24],  and  other  early  researchers  were 
limited  in  the  scope  of  the  aerodynamic  characteristics  examined  and  the  shapes  employed,  the 
method  has  been  expanded  by  contemporary  investigators,  and  there  is  no  reason  that  the 
technique  could  not  be  applied  to  various  aerodynamic  characteristics.  Such  sensitivity  studies 


13 


may  include  more  than  one  test  shape,  such  as  roughness  elements  and  three-dimensional  shapes. 
Appendix  H  lists  14  Code  of  Federal  Regulations  (CFR)  Part  23,  Subpart  B  requirements  and  a 
preliminary  matrix  showing  which  aerodynamic  characteristics(s)  may  be  relevant  to  each 
requirement. 

Some  manufacturers  already  rely  in  part  on  techniques  of  this  general  nature  to  determine  the 
most  adverse  or  “critical”  accretion  features  for  certain  aerodynamic  characteristics.  These 
techniques  may  be  applied  during  the  preliminary  design  stage  of  product  development  to 
evaluate  the  iced-aircraft  response  characteristics  of  the  design,  possibly  with  the  intent  of 
modifying  the  design  to  improve  its  ice  contaminated  characteristics,  or  they  may  be  used  during 
flight  test  and  certification.  One  current  manufacturer  employs  certain  stylized  protuberance 
shapes  during  flight  testing.  Location,  shape,  and  dimension  parameters  of  the  protuberance  are 
based  upon  pre-existing  knowledge  of  a  shape,  representative  of  the  most  adverse  conditions  that 
may  be  expected  in  the  natural  icing  environment.  That  knowledge  is  tempered  by  past 
experience  of  the  airfoil  response. 

In  summary,  deductive  processes  placing  more  emphasis  on  airfoil  sensitivity  to  contamination, 
as  opposed  to  inductive  analyses  relying  more  upon  determining  ice  accretion  shapes,  may 
provide  a  rational  supplement  to  preliminary  design  of  the  aircraft,  design  of  the  airfoil  ice 
protection  system,  and  also  contribute  to  an  acceptable  and  efficient  means  to  demonstrate 
compliance. 

3.3  A  “COMPREHENSIVE  AERODYNAMIC  APPROACH”  TO  CRITICAL  ICE  SHAPES. 

In  developing  an  approach  for  the  assessment  of  critical  ice  shapes,  it  can  be  instructive  to 
consider  what  amounts  to  a  technology  roadmap.  This  roadmap  is  motivated  by  a  critical  ice 
shape  approach  based  on  an  aerodynamic  point  of  view.  Not  all  of  the  technology  and  tools  are 
currently  available  to  fully  exploit  the  aerodynamic  ice  shape  assessment  approach  described 
below.  This  discussion  will  first  describe  technical  elements  that  would  constitute  such  an 
assessment  approach,  then  suggest  a  set  of  research  activities  that  could  lead  to  the  development 
of  the  requisite  capability.  This  roadmap  could  then  serve  as  guidance  for  long-term  technical 
investment  by  interested  research  and  regulatory  organizations. 

3.3.1  Concept. 

The  need  for  a  “critical  ice  shape”  is  based  on  the  idea  that  by  finding  what  could  conservatively 
be  called  the  worst  ice  shape  from  an  aerodynamic  point  of  view,  (within  the  constraints  of  the 
icing  envelope  and  proposed  flight  operations)  a  manufacturer  could  demonstrate  that  the 
proposed  aircraft  could  continue  to  operate  with  degraded  but  still  acceptable  performance. 
Current  information  on  performance  degradation  associated  with  ice  deposition  suggests  that  in 
some,  perhaps  many,  cases  there  is  not  one  ice  shape  that  would  degrade  all  performance 
characteristics  equally.  Thus  it  may  be  desirable  to  evaluate  performance  features  with  respect  to 
the  minimal  amounts  of  ice  deposition  required  to  exceed  some  critical  level  of  performance 
(including  control)  degradation.  Therefore,  in  this  approach  “critical”  would  be  based  on  the 
minimum  amount  of  degradation  or  change  in  an  aerodynamic  parameter  that  would  result  in  a 
degradation  of  aircraft  performance  that  significantly  impacts  the  safety  of  flight. 
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The  concept  would  be  outlined  as  follows: 

a.  Determine  the  performance  characteristics  that  should  be  evaluated,  such  as  Q,  Cd,  Cm. 

b.  Evaluate  the  critical  values  for  each  of  these  parameters  for  each  surface  of  interest  with 
consideration  of  different  phases  of  flight. 

c.  Examine  the  roughness/protuberance  or  its  features  (i.e.,  horn  length,  horn  angle, 
roughness  level,  ice  mass,  etc.)  that  can  cause  the  surface  of  interest  to  fall  below  the 
critical  level  for  each  performance  characteristic  at  each  phase  of  flight. 

d.  Determine  the  icing  conditions  that  could  produce  an  ice  accretion  with  these  features. 

This  process  would  have  the  potential  of  comprehensively  identifying  the  various  icing 
conditions  that  could  lead  to  failure  of  the  aircraft  system.  As  a  result,  appropriate  ice  protection 
schemes  could  be  identified  to  insure  that  the  aircraft  would  operate  safely  under  the  icing 
conditions  deemed  critical  for  the  aircraft  of  interest.  This  would  also  allow  the  ice  protection 
system  to  be  designed  to  provide  the  level  of  protection  deemed  necessary  to  remain  above  the 
critical  performance  levels. 

The  process  outlined  above  shifts  the  evaluation  towards  the  examination  of  aerodynamic  effects 
and  away  from  the  identification  of  a  critical  ice  shape.  This  seems  a  more  natural  and  rational 
approach  and  has  the  added  benefit  of  identifying  those  characteristics  of  an  ice  accretion  which 
play  a  critical  role  for  a  given  icing  scenario.  This  allows  for  greater  consideration  of  icing 
effects  during  the  design  process  and  could  potentially  lead  to  the  development  of  a  more 
comprehensive  understanding  of  the  capabilities  of  the  aircraft  during  an  icing  encounter. 

3.3.2  Example. 

As  an  example  of  the  method  described  above,  consider  the  task  of  determining  the  critical  ice 
shape  for  the  horizontal  tail  of  an  aircraft.  Following  the  steps  in  the  approach  outlined  above 

a.  The  first  step  is  to  determine  what  level  of  degradation  in  lift,  drag,  pitching  moment, 
hinge  moment,  rolling  moment,  etc.,  will  present  a  potential  safety  problem  in  the  various 
phases  of  flight.  If  we  consider  first  the  landing  phase,  the  primary  function  of  the 
horizontal  tail  is  to  provide  down  force  to  provide  longitudinal  trim  for  the  aircraft. 
Assume  that  in  the  most  severe  combination  of  factors,  airspeed,  ground  effect,  wing  flap 
setting,  power  setting,  etc.,  that  a  Cl  of  0.7  down  is  required  to  trim  the  aircraft.  This 
must  be  produced  at  the  tail  an gle-of- attack  seen  by  the  actual  aircraft  and  with  elevator 
deflection. 

b.  Now  the  designer  needs  to  analyze  what  protuberance/roughness  can  produce  this  loss  in 
lift  performance  of  the  horizontal  tail.  At  this  stage,  this  need  not  be  a  predicted  ice 
accretion  or  roughness  level  but  merely  a  roughness  or  protuberance  with  characteristics 
similar  to  environmental  contamination.  Situations  to  consider  include,  but  should  not  be 
limited  to,  leading-edge  horns  of  various  sizes,  locations,  and  angles;  spanwise  ridges  of 
various  heights  and  chordwise  locations;  localized  surface  roughness  at  various  locations 
and  sizes;  the  entire  upper  surface  covered  with  roughness;  etc.  As  a  result  of  this 
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analysis,  candidate  roughness/protuberances  are  identified.  Assume  that  in  this  case  no 
roughness  considered  produced  the  critical  loss  in  lift.  However,  leading-edge  horns  of 
greater  than  h/c  =  0.04  located  aft  of  x/c  =  0.01  and  approximately  normal  to  the  surface 
produce  maximum  lifts  <  0.7.  In  addition,  spanwise  ridges  greater  than  h/c  =  0.01 
located  aft  of  x/c  =  0.55  also  cause  Cl  <  0.7  to  be  attained  due  to  loss  in  elevator 
effectiveness. 

c.  Finally,  the  designer  needs  to  determine  if  the  roughness/protuberance  that  produces  the 
critical  loss  in  performance  can  be  accreted  within  the  assumed  ice  accretion  envelope. 
For  this  example,  it  might  be  that  the  horn  shape  is  too  large  to  be  accreted  within  the 
parameters  of  appendix  C.  However,  runback  scenarios  may  not  exclude  that  a  ridge 
could  form  under  some  conditions  similar  to  the  shape  identified  in  step  b.  Therefore,  the 
runback  shape  would  be  a  critical  ice  accretion. 

The  analysis  would  then  consider  other  flight  phases  and  surfaces  to  determine  if  other  critical 
ice  accretions  exist. 

3.3.3  A  Long-Term  Research  Strategy  to  Develop  Tools  for  a  Comprehensive  Aerodynamic 
Approach. 

The  process  described  above  requires  a  significant  amount  of  analysis.  As  such,  there  is  a  need 
for  the  development  of  robust  computational  tools  in  order  that  a  manufacturer  can  implement 
such  a  strategy  without  prohibitive  costs  in  terms  of  dollars  and  labor  that  might  be  entailed  for 
an  experimentally  based  (as  opposed  to  computationally  based)  approach.  Thus,  the  proposed 
research  plan  is  centered  on  computational  flow  dynamics  (CFD)  development  with 
experimental  work  focused  on  validation  and  short-term  evaluation  of  trends  and  relationships. 

The  ultimate  tool  that  might  be  envisioned  for  such  an  analysis  would  be  a  design  code  which 
determines  the  ice  shape  and  location  that  produce  the  critical  aerodynamic  loss,  coupled  with  an 
inverse  ice  accretion  code  that  identifies  the  icing  condition  that  might  produce  such  a  shape. 
This  tool  could  be  used  to  examine  an  aircraft  design  for  susceptibility  to  icing  during  various 
stages  of  flight.  Such  a  tool  does  not  exist  at  this  time.  Perhaps  research  into  this  field  could  be 
undertaken  to  determine  what  ice  shape  geometries  produce  the  worst  aerodynamic 
characteristics  subject  to  constraints  related  to  icing  parameters  such  as  ice  accretion  exposure 
time,  cloud  liquid  water  content,  and  droplet  size.  For  now,  this  appears  to  be  a  more  long-term 
objective  but  something  that  may  be  considered  for  a  feasibility  study. 

In  the  more  immediate  future,  there  appear  to  be  three  elements  of  an  overall  research  strategy 
that  should  be  undertaken  in  a  coordinated  effort.  These  elements  are  depicted  in  figure  3  which 
shows  a  timeline  and  degree  of  complexity  associated  with  each  of  the  elements.  The  idea  is  that 
useful  data,  information,  or  tools  can  be  developed  at  the  end  of  each  phase  and  thus  provide 
return  on  investment  throughout  the  life  of  the  research  effort.  This  would  also  allow  for 
revision  and  refinement  of  the  tasks  constituting  each  of  the  elements  as  they  progress. 


16 


FIGURE  3.  CRITICAL  ICE  SHAPE  ANALYSIS  DEVELOPMENT  SPACE 

The  earliest  phase  would  consist  mainly  of  experimental  efforts.  These  would  be  directed  at 
providing  early  insight  into  trends  in  performance  parameters  with  respect  to  ice  shape  features 
as  well  as  into  the  relationships  between  the  ice  shape  characteristics  that  might  play  a  role  in  the 
critical  limits  associated  with  each  performance  parameter.  Additionally  these  experimental 
activities  would  provide  validation  data  for  the  evaluation  of  the  computational  tools. 

Initially,  the  experimental  work  would  focus  on  2D  airfoils  and  would  augment  research 
currently  underway.  (The  literature  study  done  for  the  survey  of  glaze  ice  accretion  data  showed 
that  the  gieat  preponderance  of  the  data  is  for  2D,  single-element  airfoils.  The  study  indicates 
that  more  high  quality  aerodynamic  data  is  needed  even  for  the  2D,  single-element  case.  This 
research  would  explore  experimentally  the  relationship  between  roughness/protuberance 
characteristics  (size,  location,  shape,  horn  angle,  etc.)  and  degradation  in  Ct,  Cd,  Cm,  and  Ch. 
This  research  would  also  relate  the  performance  degradation  to  airfoil  geometry  including  flaps, 
slats,  etc.  The  experimental  research  would  be  focused  on  understanding  the  relationship 
between  roughness/protuberance  geometry,  airfoil  geometry,  and  performance  degradation,  and 
would  include  a  sensitivity  analysis  of  these  relationships. 

The  next  part  of  the  experimental  research  should  explore  the  3D  effects.  Initially  this  should 
include  an  extension  of  the  2D  work.  The  research  would  focus  on  wings  and  add  parameters 
such  as  sweep,  twist,  and  taper  to  the  model  geometry  variables.  The  protuberances  tested  would 
include  geometry  characteristics  that  are  3D  such  as  swept-wing  ice  shape  scallops  and  other 
spanwise  variations.  The  final  step  in  the  experimental  work  suggested  here  would  be  to 
examine  the  complex  3D  interactions  that  can  occur  on  actual  aircraft  and  affect  the  sensitivity  of 
a  design  to  ice  accretion  aerodynamic  effects.  These  would  include  things  like  power  effects, 
engine  nacelle/wing  interactions,  wing/fuselage/nacelle  interactions,  etc.  Aircraft  manufacturers 
suS§est  that  these  interactions  aie  very  important  and  currently  this  knowledge  appears  to  be 
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company  proprietary,  specific  to  classes  of  aircraft,  and  held  by  a  relatively  few  practitioners. 
The  magnitude  and  importance  of  these  effects  need  to  be  identified  and  the  most  important  ones 
studied  in  more  detail.  The  goal  should  be  to  systematically  study  these  effects  experimentally 
so  that  this  information  is  available  for  use  by  all  participants  in  research,  design,  certification, 
and  operation  of  aircraft.  Understanding  the  3D  effects  is  important  to  full  implementation  of  the 
critical  ice  shape  assessment  method  outlined  here. 

The  second  phase  of  the  effort  would  be  centered  on  development  of  CFD  analysis  tools  that  can 
evaluate  the  effects  of  ice  shapes  on  aerodynamic  performance.  The  main  thrust  of  this  work 
would  be  on  examination  of  the  ability  to  predict  aerodynamic  performance  degradation 
associated  with  unsteady,  separated  flow  over  rough  surfaces.  This  will  require  associated 
efforts  on  grid  generation  and  turbulence  modeling  in  order  to  allow  accurate  simulation  of  such 
behavior.  In  addition  to  these  development  efforts  sensitivity  studies  will  be  required  to 
determine  the  accuracy  required  to  provide  acceptable  determination  of  the  critical  ice  shape 
feature  associated  with  each  performance  characteristic. 

Since  CFD  tools  are  currently  still  in  development  for  clean  airfoils,  it  may  be  beneficial  to 
develop  cooperative  activities  with  mainstream  CFD  research  organizations  in  order  to  maximize 
return  on  investment  through  utilization  of  existing  experience  in  this  field.  This  would  suggest 
seeking  out  those  research  organizations  that  might  be  developing  CFD  tools  to  examine 
problems  that  contain  one  or  more  of  the  characteristics  mentioned  in  the  previous  paragraph. 

The  final  phase  of  the  research  plan  would  be  directed  at  application  of  CFD  tools  to  the 
simulation  of  actual  flight  maneuvers  that  may  be  undertaken  during  and/or  subsequent  to  an 
icing  encounter.  For  example,  how  might  an  unpowered  aileron  respond  during  a  bank  with 
various  ice  shape  configurations  on  the  leading  edge?  The  creation  of  robust  computational  tools 
to  provide  this  type  of  analysis  would  allow  examination  of  dynamic  behaviors  associated  with 
ice  shape  features  and  assist  in  the  identification  of  potential  or  real  accident  scenarios. 

Detailed  plans  for  each  of  these  phases  would  require  a  thorough  examination  of  current 
capabilities  and  a  feasibility  analysis  for  determination  of  just  how  to  extend  current  methods  to 
meet  the  desired  goals.  A  separate  effort  may  be  needed  to  address  such  issues  and  to  provide  a 
guide  for  investment  in  future  research. 

4.  CONCLUSION. 

The  12A  Working  Group  identified  approaches  that  can  serve  as  the  basis  for  improved  methods 
and  guidance  in  the  determination  of  critical  ice  shapes.  These  approaches  require  research 
investment  in  both  experimental  data  and  improved  analytical  tools.  The  working  group  devoted 
most  of  one  of  its  two  meetings  to  discussion  and  prioritization  of  research  investment.  (See 
appendix  I  for  a  more  complete  presentation  of  the  discussion  topics  and  prioritization  voting.) 
The  consensus  was  that  research  was  most  needed  now  in  the  following  areas: 

•  Characterization  of  ice  roughness  for  different  types  of  ice  (sandpaper,  residual/intercycle 
ice,  glaze,  etc.) 
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•  Investigation  of  the  aerodynamic  effects  resulting  from  parametric  variation  of 
characteristic  ice  accretion  features  (such  as  upper  horn  height  and  location) 

•  Investigation  of  aerodynamic  effects  resulting  from  variation  of  airfoil  characteristics 

The  working  group  reached  a  consensus  that  all  these  items  require  experimental  work,  although 
it  is  hoped  that  computational  tools,  because  of  their  versatility  and  relative  affordability,  will 
also  be  developed  and  utilized  as  fully  as  possible.  These  tools  could  be  CFD  tools,  but  could 
also  be  simpler  methods  allowing  the  estimation  of  3D  wing  and  airfoil  results  working  from 
experimental  2D  section  data.  High  quality  data,  including  those  from  wind  tunnels  capable  of 
«  achieving  high  Reynolds  numbers,  are  needed  to  adequately  assess  questions  as  to  the  influence 

of  ice  shape  features  on  the  aerodynamic  effects  of  ice  shapes.  Fundamental  work  is  needed  in 
the  measurement  and  quantification  of  ice  roughness. 

The  consensus  of  the  working  group  was  that  the  next  most  important  area  of  research  was 
scaling,  in  particular,  aerodynamic  scaling  (How  should  an  ice  shape  accreted  on  a  model  of  one 
size  be  scaled  so  that  it  will  give  the  same  aerodynamic  effects  on  a  model  of  another  size?)  and 
ice  shape  scaling  methods  (How  can  tunnel  parameters  be  adjusted  so  that  different  combinations 
of  parameters  give  comparable  ice  shapes?). 

Additional  recommendations  were  made  to  the  FAA  by  members  of  the  working  group 
representing  industry.  They  occur  in  subgroup  reports  which  are  not  included  in  their  entirety  in 
this  report.  Although  these  recommendations  were  not  included  in  the  voting,  extended 
discussions  at  the  two  meetings  of  the  working  group  indicate  substantial  industry  support  for 
them.  A  key  recommendation  is  for  a  process  which  is  “clearly  defined  and  endorsed  by  the 
FAA.”  Most  of  the  other  recommendations  call  for  improvement  to  analytical  tools  by  the 
research  community,  and  acceptance  of  the  tools  by  the  FAA.  These  additional 
recommendations  can  be  found  in  appendix  J. 

The  working  group  hopes  that  its  findings  and  recommendations  will  be  useful  to  research 
organizations  in  formulating  investment  strategies  for  icing  research. 
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APPENDIX  A— TASK  12A  IN  FAA  IN-FLIGHT  AIRCRAFT  ICING  PLAN 


ICE  ACCRETION  AND  ITS  EFFECTS  ON  PERFORMANCE/STABILITY  AND  CONTROL. 


Task  12.  Develop  guidance  material  on  ice  accretion  shapes  and  roughness  and  resultant  effects 
on  performance/stability  and  control.  This  material  will  be  relevant  to  the  identification  and 
evaluation  of  critical  ice  shape  features  such  as  ice  thickness,  horn  size,  horn  location,  shape,  and 
roughness. 

A.  The  Federal  Aviation  Administration  (FAA),  along  with  industry  and  research 
organizations,  shall  form  a  working  group  to  explore  categories  of  ice  accretions  that  represent 
potential  safety  problems  on  aircraft. 

PLAN  DETAILS.  TASK  12 A. 

The  certification  process  requires  identification  and  evaluation  of  critical  ice  accretions. 
Criticality  of  possible  ice  accretions  is  not  well  understood,  and  guidance  information  is  needed 
for  compliance  with  established  requirements.  The  working  group  will  evaluate  numerous  ice 
shapes  to  help  define  areas  of  concern  about  the  effects  of  ice  accretion  on  airfoil  performance 
and  aircraft  stability,  control,  and  handling  characteristics. 

These  ice  accretion  categories  would  include  (but  would  not  be  limited  to): 

1 .  “Sandpaper”  ice  (a  thin  layer  of  ice  composed  of  roughness  elements) 

2.  Residual  ice  (ice  remaining  after  a  deicer  cycle) 

3.  Rime  ice 

4.  Glaze  ice 

5.  Large-droplet  ice  (spanwise  step  accretions  beyond  the  “normal”  impingement  zone) 

6.  Beak  ice  (single  horn  ice  shape  on  the  upper  surface) 

7.  Intercycle  ice  (ice  accumulated  between  deicer  cycles) 

These  categories  of  ice  would  be  considered  during  various  phases  of  flight  such  as  takeoff, 
landing,  climb,  hold,  etc.,  for: 

1 .  Operational  ice  protection  systems 

2.  Failed  ice  protections  systems 

3.  Unprotected  surfaces 

Responsible  Parties.  Aircraft  Certification  Service,  FAA  William  J.  Hughes  Technical  Center, 
NASA  LeRC,  Industry,  Academia. 

Schedule.  December  1997:  Publish  a  plan. 
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APPENDIX  C — FAA  IN-FLIGHT  AIRCRAFT  ICING  PLAN  SURVEY 
QUESTIONNAIRE,  PART  1 


(This  survey  primarily  addresses  airframe  icing.  It  is  not  intended  to  address  propulsion  system 
or  engine  icing  issues  or  propeller  icing.) 

1 .  If  artificial  (simulated)  ice  shapes  are  used  to  demonstrate  compliance  with  in-flight  icing 

certification  requirements. 

1.1.  How  are  the  shapes  and  their  attributes  determined  (details  requested)? 

1 .2.  How  are  the  ice  accretion  impingement  limits  determined  and  validated? 

1.3.  Are  current  artificial  ice  shape  definition  processes  satisfactory?  What  tools  are 
employed  to  determine  ice  accretions  (e.g.,  icing  wind  tunnel,  computer  code, 
etc.)?  What  are  needed  improvements? 

1 .4.  What  rationale  is  used  to  select  the  shape  used  for  certification? 

2.  Are  critical  ice  shapes  defined? 

2.1.  How? 

2.2.  Are  intermediate  ice  features  which  may  have  smaller  dimensions,  more  angular 
features  or  more  adverse  textures  (such  as  granular  roughness),  but  greater 
adverse  aerodynamic  effects  considered? 

2.3.  Are  different  ice  shapes  established  to  determine  the  most  adverse  effect  on 
different  aerodynamic  characteristics,  such  as  the  handling  qualities  and 
performance? 

2.4.  What  are  the  flying  qualities  considered? 

2.5.  What  are  the  flight  regimes  and  aircraft  configurations  considered? 

2.6.  What  types  of  ice  are  considered  for  each  of  the  above  cases? 

2.7.  With  the  high  lift  surfaces  extended,  are  ice  accumulations  on  these  surfaces 
considered? 

2.8.  Is  the  effect  on  airplane  performance  and  handling  characteristics  of  ice  accreted 
in  one  airplane  configuration  considered  for  subsequent  airplane  configurations?, 
e.g.,  is  the  effect  of  ice  accreted  in  holding  with  flaps  retracted  considered  when 
the  flaps  are  extended  for  approach  and  landing? 

2.9.  How  are  artificial  (simulated)  ice  shapes  validated? 

3.  To  what  extent  are  the  effects  of  artificial  (simulated)  ice  shapes  on  airplane  performance 

and  handling  characteristics  corroborated  by  flight  testing  in  natural  icing  conditions. 
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APPENDIX  D— DISCUSSION  OF  CURRENT  METHODOLOGY-CRITICAL  ICE  SHAPES 


D.l.  INTRODUCTORY. 

This  appendix  is  based  primarily  upon  industry  response  to  the  survey  questions  reproduced  in 
appendix  C  of  this  report.  They  describe  various  methods  used  in  the  determination  of  critical 
ice  shapes  in  certification  of  a  commercial  aircraft.  The  emphasis  is  on  transport  aircraft,  but 
much  of  the  material  is  applicable  to  other  classes  of  aircraft. 

A  broad  range  of  tools  is  used  to  determine  ice  shapes,  including  icing  tunnels,  dry  wind  tunnels, 
ice  accretion  codes,  and  heat  transfer  computer  codes.  Code  of  Federal  (14  CFR  Parts  23  and 
25)  allow  use  of  these  engineering  tools,  complementing  flight  testing  in  natural  icing  conditions, 
to  verify  the  adequacy  of  aircraft  ice  protection  systems  for  safe  in-flight  icing  operations. 
However,  these  methodologies  discussed  in  the  following  should  not  be  construed  as 
certification  methods  generally  accepted  by  the  Federal  Aviation  Administration  (FAA)  or  other 
airworthiness  authorities.  Methodologies  used  to  determine  critical  ice  shapes  should  be 
included  in  regulation  compliance  plans  that  are  negotiated  with  and  accepted  by  airworthiness 
authorities  for  specific  aircraft  models. 

The  discussion  employs  the  following  definitions,  based  mainly  on  Society  of  Automotive 
Engineers  Aerospace  Information  Report  (SAE  AIR)  1667. 

Natural  Icing  -  Icing  that  occurs  during  a  flight  in  a  cloud  formed  by  natural  processes  in  the 
atmosphere. 

Artificial  Icing  -  Icing  that  results  in  the  formation  of  ice  which  is  “real”  ice,  but  which  is 
formed  by  “artificial”  means,  that  is,  any  means  other  than  flight  in  atmospheric  icing  conditions. 
Such  means  include  use  of  a  spray  rig  on  the  ground  (in  a  tunnel  or  other  indoor  or  outdoor 
facility)  or  on  a  tanker. 

Simulated  Ice  -  Ice  shapes  that  are  fabricated  from  wood,  epoxy,  or  other  materials  by  any 
construction  technique. 

Computed  (calculated)  Ice  -  Ice  shapes  that  are  generated  from  computational  fluid  dynamics 
(CFD)  tools. 

Critical  Ice  Shape  -  See  page  1 1  of  the  main  text. 

D.2.  REVIEW  OF  METHODS— DETERMINATION  OF  ICE  SHAPES. 

The  industry  survey  responses  outlined  various  methods  of  determining  the  ice  shapes.  They  are 
grouped  into  three  methods  and  discussed  below. 

D.3.  METHOD  A:  COMPUTATIONAL/ANALYTICAL. 


Ice  shapes  are  established  using  computer  codes  for  the  icing  conditions  defined  in  FAR  Part  25 
Appendix  C.  Unless  the  critical  conditions  are  already  known  from  prior  evaluations,  the  ice 
shape  analysis  is  done  for  a  range  of  aircraft  operational  and  icing  conditions  to  search  for 
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critical  conditions.  These  calculations  are  performed  for  lifting  surfaces,  including  wings  and 
horizontal  and  vertical  tail  sections.  Each  protected  and  unprotected  part  of  a  lifting  surface 
exposed  to  icing  is  analyzed.  Each  operational  flight  condition,  such  as  takeoff,  climb,  cruise, 
hold,  descent,  and  approach,  is  considered  when  selecting  a  critical  ice  shape. 

The  ice  shape  analysis  is  normally  performed  on  a  two-dimensional  (2D)  section  normal  to  the 
leading  edge,  but  three-dimensional  (3D)  codes  may  be  used  for  some  parts  of  certification 
analysis,  if  accepted  by  the  authorities.  In  a  2D  icing  code  used  for  a  3D  problem  the  effective 
2D  angle-of-attack  (AOA)  is  computed  using  a  3D  flow  code  to  take  into  account  the  3D  effects; 
then  the  resultant  velocity  and  AOA  are  used  for  input  to  the  2D  ice  accretion  code.  The  most 
prominent  publicly  available  3D  ice  accretions  codes  are  not  actually  fully  3D,  in  that  they  use  a 
3D  flow  field  generated  by  a  commercially  available  solver,  but  incorporate  ice  accretion 
modeling  which  remains  2D.  Accordingly  they  are  sometimes  referred  to  as  quasi-2D  or  2.5D. 

Computed  ice  shapes  generally  correlated  well  to  experimental  ice  shapes  for  cold  temperature 
and  low  liquid  water  content  (LWC)  conditions.  It  has  been  generally  accepted  that  ice  accretion 
codes  are  less  accurate  in  predicting  ice  shapes  for  warm  temperatures  and  high  LWCs. 
However,  National  Aeronautic  and  Space  Administration  (NASA)  Glenn,  the  FAA  11A 
Working  Group,  and  other  organizations  are  currently  engaged  in  more  systematic  assessment  of 
ice  accretion  code  performance  that  will  permit  more  precise  characterization  of  capabilities. 

Two-dimensional  codes  may  not  be  suitable  to  define  shapes  on  some  aircraft  surfaces,  such  as 
protrusions  (antennas,  strakes,  wing  fences),  and  components  that  have  a  complex  3D  geometry, 
such  as  fairing  intersections,  scoops,  vents,  radomes,  and  windshields.  The  residual  ice  from 
anti-ice  and  deice  system  operation  typically  are  not  predicted  by  such  codes.  Combinations  of 
computer  runs  and  photographs  from  tanker  flights  and  natural  icing  encounters  are  used  to 
approximate  shapes  for  many  areas  on  the  aircraft  that  may  accrete  ice  shapes,  which  are 
believed  to  not  yet  be  predicted  with  sufficient  accuracy  by  computer  codes  for  certification 
work. 

Ice  accretion  codes  are  not  currently  used  to  predict  ice  shapes  on  highly  swept  surfaces  because 
they  are  not  believed  to  be  capable  of  representing  the  true  effects  of  leading  edge  sweep  on  ice 
formations.  Furthermore,  codes  are  not  used  to  predict  the  shapes  of  run-back  ice  in  the  case  of  a 
heated  leading  edge,  because  no  code  is  believed  to  be  capable  of  predicting  run-back  ice 
realistically.  In  this  case,  other  methods,  including  the  use  of  icing  tunnels  and  tankers,  have 
been  used. 

On  a  highly  swept  wing,  the  actual  ice  shape  that  would  accrete  would  be  a  “lobster  tail”  shape. 
In  certification  practice,  several  2D  predictions  at  different  span  locations  are  combined  to 
develop  a  simulated  (fabricated)  ice  accretion  that  varies  somewhat  in  size  along  the  span,  but  is 
a  solid  shape,  not  a  lobster  tail  shape  with  gaps  between  the  ice  sections.  The  case  for  the 
conservatism  of  this  approach  rests  on  the  contention  that  the  solid  (no-gap)  simulated  shape 
would  have  a  more  severe  aerodynamic  effect  than  the  lobster  tail  shape  with  gaps. 
Aerodynamic  experts  generally  accept  this  view  although  there  is  relatively  little  data  that  bears 
directly  on  the  question. 


D.4.  METHOD  B:  EXPERIMENTAL. 


D.4.1  ICING  TUNNELS. 

Shapes  have  been  determined  by  tests  of  full-scale  leading-edge  specimens  of  wings  and  other 
aircraft  surfaces  in  an  icing  wind  tunnel.  Based  mainly  on  photographic  evidence,  simulated 
(fabricated)  ice  shapes  derived  from  tunnels  are  claimed  to  approximate  the  shapes  produced 
during  in-flight  natural  icing  conditions.  Quantitative  comparison  is  difficult  for  a  number  of 
reasons,  and  has  not  been  done  in  certification;  nor  have  research  organizations  published  much 
in  this  area. 

Ice  shape  scaling  and  aerodynamic  scaling  of  ice  shape  effects  are  sometimes  necessary  in  the 
icing  certification  process,  since  the  sizes  of  existing  icing  tunnels  impose  limitations  on  model 
size,  and  also  since  a  tunnel  may  be  unable  to  provide  the  desired  icing  conditions. 
Manufacturers  provided  little  information  on  the  scaling  methods  they  employ,  and  discussions 
in  the  12A  Working  Group  meetings  suggest  that  there  is  no  consensus  in  industry  as  to  the  most 
suitable  methods. 

For  a  large  wing  section,  a  hybrid  model  with  full-scale  leading  edge  and  a  truncated  aft  section 
and  trailing  edge  flap  may  be  acceptable  to  the  authorities  if  it  is  judged  to  produce  a  leading- 
edge  flow  field,  resulting  in  essentially  the  same  leading-edge  impingement  pattern  as  would 
occur  on  a  full-scale  model. 

D.4.2  AIRBORNE  ICING  TANKERS. 

Flying  the  test  aircraft  in  an  icing  cloud  generated  behind  an  icing  tanker  is  used  to  determine 
location  and  qualitative  features  of  shapes.  This  method  has  been  used  to  determine  simulated 
(fabricated)  shapes  for  nonlifting  surfaces,  (not  airfoil-type  geometries)  or  areas  where 
theoretical  methods  for  calculation  of  ice  shapes  may  not  be  validated  or  accepted  (for  example, 
highly  swept  wings  and  other  3D  geometries  resulting  in  highly  3D  flow).  If  this  method  is  used 
to  define  simulated  (fabricated)  shapes  on  lifting  surfaces,  special  care  should  be  taken  in 
calibration  of  the  icing  cloud. 

D.4.3  NATURAL  ICING  FLIGHT  TESTS. 

In  most  icing  certification  programs,  flight  in  natural  icing  conditions  is  done  at  the  conclusion  of 
the  certification  program,  after  flight  testing  with  simulated  ice  shapes  has  already  been 
completed.  However,  the  natural  icing  tests  mentioned  here  are  additional  flights,  done  earlier  in 
the  certification  program  for  the  purpose  of  determining  the  simulated  (fabricated)  shapes  on 
noncritical  parts  of  the  aircraft  for  subsequent  flight  testing  with  simulated  (fabricated)  ice 
shapes.  Natural  encounters  have  been  accepted  by  the  authorities  to  define  ice  shapes  for  areas 
that  are  shown  not  to  be  critical  for  flight.  The  test  aircraft  is  flown  into  the  known  icing 
conditions  and  the  shapes  are  observed,  photographed,  and  recorded  by  the  video  camera,  and 
this  documentation  is  used  in  fabricating  the  simulated  ice  shape  for  flight  testing.  This  method 
is  direct,  but  it  is  costly  and  time  consuming. 
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D.5.  METHOD  C:  EMPIRICAL. 


This  approach  may  combine  Method  A,  Method  B,  and  the  applicant’s  engineering  practices. 
One  manufacturer  uses  only  the  water  droplet  trajectory  impingement  results  from  Method  A  to 
derive  the  impingement  characteristics  of  the  surface  geometry.  The  ice  shapes  are  then 
determined  using  icing  tunnel-based  correlations,  relating  icing  conditions  to  ice  shape  features. 
Some  aircraft  manufacturers  can  draw  on  a  broad  databank  of  experience  with  ice  shapes  from 
icing  tunnel  tests  and  flight  tests  in  natural  icing  conditions  during  past  aircraft  certification 
programs. 

“Empirical”  shapes  such  as  sandpaper,  rope,  and  beak  ice  shapes  have  been  required  by  the  FAA 
in  some  certification  programs.  For  a  short  exposure,  small  amounts  of  simulated  ice  with  a 
roughness  height  of  1  mm  and  a  particle  density  of  8  to  10  grains  per  cm2  has  been  used  in  some 
certification  programs.  For  longer  exposures  simulated  ice  with  a  roughness  height  3  mm  with 
the  same  particle  density  has  been  used. 

D.6.  VALIDATION/SUBSTANTIATION  OF  METHODS. 

When  a  code  is  proposed  for  use  in  a  certification  program,  the  applicant  is  responsible  for 
providing  validation  data  to  the  authorities  to  justify  the  use  of  the  code. 

The  quantity  and  type  of  validation  required  may  vary  with  the  application  and  with  the  past 
experience  of  the  responsible  Aircraft  Certification  Office  (ACO).  The  applicant  works  with  the 
ACO  to  determine  what  kind  of  data  is  used,  what  kinds  of  quality  checks  are  done,  and  how 
much  data  is  examined  in  order  to  “validate”  the  code  for  a  particular  certification  application. 
Historically,  icing  tunnel  test  data  have  been  used  to  corroborate  prediction  capabilities.  There  is 
very  little  high-quality  data  available  from  natural  icing  flight  tests  to  compare  with  an  analysis. 
Basically,  natural  icing  tests  provide  only  qualitative  ice  shape  information.  The  natural  icing 
observations  and  photographs  provide  only  the  orientation,  location,  roughness,  and  the  extent  of 
the  ice  accretions  at  best. 

A  systematic  validation  approach  for  certification  work  has  not  been  defined  for  analytical  codes 
or  icing  facilities.  The  FAA  has  formed  an  1 1 A  Working  Group  to  identify  formulate  acceptance 
criteria  for  icing  test  facilities  and  analytical  codes. 

D.7.  DETERMINATION  OF  CRITICAL  ICE  SHAPES. 

Two  scenarios  for  flight  in  icing  conditions  are  considered  in  defining  critical  ice  shapes  to  be 
flight  tested:  (a)  normal  system  operation,  and  (b)  failed  system  scenario.  Experience  has  shown 
that  glaze  ice  shapes  usually  have  greatest  aerodynamic  impact.  However,  very  rough  accretions 
(represented  by  fabricated  roughness)  have  sometimes  been  found  to  have  an  even  greater  impact 
for  some  maneuvers  and  classes  of  aircraft  because  the  roughness  can  induce  lifting  surface  stall. 

One  approach  that  has  been  followed  in  the  determination  of  a  critical  ice  shape  is  as  follows: 

The  first  step  is  the  determination  of  the  droplet  diameter  that  will  provide  the  highest  accretion 
rate  on  the  airfoil  within  the  FAR  Part  25  Appendix  C  conditions.  The  droplet  size  which  results 
in  the  largest  water  catch  rate  is  selected  for  ice  shape  development.  Ambient  temperatures 
selected  are  those  which  produce  a  total  temperature  near  freezing  for  fixed  wing  aircraft.  The 
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temperature  for  rotary  wing  aircraft  will  be  that  temperature  associated  with  full-span  icing.  Ice 
shape  sensitivities  to  altitude  are  included  within  the  ice  shape  selection  matrix. 

The  second  step  consists  in  determining,  for  each  flight  phase,  the  combination  of  flight  and 
icing  conditions  that  satisfy  the  following: 

•  highest  accretion  rate 

•  double  horn  ice  shapes  or  beak  ice  shapes  (essentially  for  total  temperature  close  to  0°C 
for  a  fixed  wing  aircraft)  as  suggested  within  JAR  AMJ  25.1419 

•  longest  exposure  time 

The  purpose  of  the  “normal  system  operation”  scenario  is  to  produce  the  ice  accretion  on  the 
*  unprotected  areas  of  the  aircraft  which  would  result  from  takeoff,  climb,  descent  and  holding  in 

FAR  Part  25  Appendix  C  “Continuous  Maximum”  icing  conditions  for  an  appropriate  exposure 
duration  with  normal  ice  protection  system  operation.  The  protected  surfaces  are  considered  to 
be  free  from  any  ice  accretion,  while  the  unprotected  surfaces,  in  general,  are  exposed  to  icing 
conditions  for  up  to  45  minutes. 

The  purpose  of  the  “failed  system”  scenario  is  to  define  the  ice  shape  that  results  from  a  single 
failure  in  the  ice  protection  system.  The  icing  exposure  for  the  protected  surfaces  is  taken  as  the 
time  to  exit  the  icing  condition  after  the  system  failure.  Certification  programs  have  used  50 
percent  of  the  exposure  in  holding  operation  of  the  aircraft  for  the  failed  system  scenario.  That 
is,  the  exposure  has  been  taken  to  be  as  much  as  22.5  minutes  in  icing  conditions. 

Flight  conditions  such  as  airspeed  and  angle  of  attack  are  specified  for  the  aircraft  at  maximum 
design  landing  gross  weight  to  determine  the  ice  shape.  Average  values  for  aircraft  angle  of 
attack  are  typically  used.  Airfoil  sections  are  selected  for  ice  accretion  analysis  and  include,  but 
are  not  limited  to,  the  root  and  tip  sections  of  the  wing  and  the  tail.  In  addition,  unprotected 
lifting  and  nonlifting  sections  are  identified  to  account  for  aerodynamic  and/or  drag  effects. 

For  the  wing  and  horizontal  tail  in  holding  conditions,  the  calculated  shapes  are  examined  to 
determine  the  most  critical,  which  is  often  the  one  having  the  largest  horn  projection  height  on 
»  the  lifting  surface.  Shapes  on  other  surfaces  are  calculated  for  the  same  condition. 

Shapes  are  derived  for  all  flight  conditions  in  which  it  is  considered  possible  to  encounter  ice. 
,  Both  rime  and  glaze  shapes  are  reviewed.  Based  on  engineering  experience,  judgment  supported 

with  wind  tunnel  tests  and  including  knowledge  of  the  influence  on  lift  and  drag  from 
aerodynamic  disturbances  on  airfoils,  the  shapes  are  chosen  to  represent  the  critical  ice  shapes. 
Also,  the  selected  ice  shapes  are  evaluated  with  respect  to  criteria  that  will  disturb  flow 
conditions  the  most.  Glaze  shapes  with  horn  lengths  protruding  normal  to  the  local  flow 
direction  have  been  shown  to  produce  large  drag  penalties.  If  there  is  any  question  as  to  which 
shape  is  more  critical,  each  shape  in  question  is  tested.  New  analytical  methods  are  currently 
being  developed  to  estimate  maximum  lift  and  drag  to  help  make  this  determination. 

The  trimming  condition  that  gives  the  worst  horn  shape  on  the  lower  surface  may  be  selected  for 
the  tailplane.  The  worst  horn  positions  from  an  aerodynamic  perspective  are  assumed  to  be  those 
that  are  farthest  around  the  lifting  surface  measured  from  the  leading  edge. 
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D.8.  FABRICATION  OF  3D  SIMULATED  ICE  SHAPES  FOR  ATTACHMENT  TO 
AIRCRAFT  SURFACES. 


The  simulated  (fabricated)  ice  shapes  used  on  the  aircraft  are  actual  or  simplified  envelopes  of 
ice  forms  determined  for  various  spanwise  sections  of  the  airfoil.  The  shape  definitions  in  terms 
of  characteristic  dimensions  are  used  to  fabricate  the  simulated  shapes.  Intermediate  positions 
are  defined  by  linear  interpolation  between  sections  and  extrapolation  to  the  root  and  the  tip. 
Surface  textures  of  these  simulated  ice  shapes  are  defined  according  to  the  aircraft 
manufacturer’s  experience  and  AMJ  25.1419  (JAR  25)  requirements.  One  manufacturer  has 
used  crushed  walnut  shells  for  the  surface  texture  on  the  flight  test  shapes.  These  shapes  are 
fastened  to  the  wing  leading  edge  and  used  for  handling  and  for  performance  testing. 

D.9.  CONCLUDING  REMARKS. 

An  aircraft  may  be  certified  using  a  combination  of  the  methods  discussed  above,  drawing  upon 
the  strengths  of  each.  The  aircraft  manufacturer  conducts  a  detailed  study  to  determine  the 
airplane  performance  for  combinations  of  ice  shape  and  airplane  configuration.  This  type  of 
analysis  usually  includes  results  from  wind  tunnel  studies,  a  review  of  ancestral  data  for  that 
airplane  type  (if  it  exists),  and  flight  test  verification  of  combinations  considered  most  critical. 
Despite  the  improvements  that  has  been  made  in  the  various  methods  in  recent  years,  critical  ice 
shapes  can  be  highly  configuration  dependent,  and  their  determination  can  be  highly  dependent 
on  both  engineering  judgment  and  actual  flight  test  experience. 

As  an  example,  for  T-tail  aircraft,  one  manufacturer  has  found  that  the  pushover  maneuver  is 
considered  a  good  indication  of  stick  force  availability  to  control  the  aircraft  in  the  longitudinal 
axis.  This  test  is  therefore  conducted  with  a  combination  of  ice  shapes  on  the  horizontal  tail  (and 
the  wing,  if  required)  to  determine  the  stick  force  margin  available  for  airplane  controllability. 
For  one  T-tail  aircraft  type  this  could  be,  for  example,  a  30-min  ice  shape  on  the  horizontal  tail  at 
landing  flaps,  while  for  another  T-tail  aircraft  type  the  critical  shape  might  be  a  15-min  ice  shape 
on  the  wing  at  takeoff  flaps.  Airplanes  with  conventional  tail  design  usually  have  the  engines 
mounted  under  the  wings.  The  performance  of  this  type  of  design  could  be  assessed  differently 
with  ice  shapes  (on  the  wings  and/or  tail). 

Another  example  is  the  assessment  of  anti-icing  failure  modes  and  the  probability  of  occurrence 
for  each  failure  mode.  The  critical  ice  shape  would  then  be  the  cyclical  ice  shape  generated  as  a 
result  of  the  part-time  anti-icing  system  operation  for  a  given  flap  setting,  during  approach  or 
takeoff. 

This  appendix  has  emphasized  the  heavy  reliance  on  engineering  judgment  in  determination  of 
critical  ice  shapes  in  current  certification  practice.  As  in  other  areas  of  certification  where  this  is 
the  case,  this  may  necessitate  a  conservative  approach  in  order  to  ensure  safety.  A  goal  of  the 
FAA,  NASA,  other  research  organizations,  and  industry  is  to  reduce  reliance  on  engineering 
judgment  through  the  development,  validation,  and  acceptance  of  improved  icing  simulation 
methods,  particularly  analytical  computer  codes.  Although  it  is  not  anticipated  that  significant 
reliance  on  engineering  judgment  will  be  eliminated  from  icing  certification  work,  reducing 
reliance  upon  it  through  acceptance  of  simulation  tools  is  the  most  promising  path  to  better 
standardization  and  guidance  in  determination  of  critical  ice  shapes. 
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(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  n,  pp  20-21) 
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TABLE  G-2.5(ii).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  n,  pp  20-21  (Continued)) 
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TABLE  G-2.5(iii).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  n,  pp  22-23) 
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TABLE  G-2.5(iii).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  n,  pp  22-23  (Continued)) 
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TABLE  G-2.5(iii).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  D,  pp  22-23  (Continued)) 
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TABLE  G-2.5(iv).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  n,  pp  24-25) 
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TABLE  G-2.5(iv).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  n,  pp  24-25  (Continued)) 
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TABLE  G-2.5(v).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  415 1 ,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  II,  pp  26-27) 


TABLE  G-2.5(v).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  n,  pp  26-27  (Continued)) 
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TABLE  G-2.5(v).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  n,  pp  26-27  (Continued)) 
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TABLE  G-2.5(vi).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  H,  pp  28-29) 
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TABLE  G-2.5(vi).  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  60,  Gray,  TN  4151,  1958,  NACA  65A004  Airfoil,  c  =  72  in 
Ice  Shapes  and  Performance  Data  From  Table  n,  pp  28-29  (Continued)) 
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TABLE  G-2.6.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  3 1  (Continued)) 
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TABLE  G-2.6.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  3 1  (Continued)) 
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TABLE  G-2.6.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  3 1  (Continued)) 


G-120 


TABLE  G-2.6.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  3 1  (Continued)) 
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TABLE  G-2.6.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  3 1  (Continued)) 
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TABLE  G-2.6.  STUDffiS  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  3 1  (Continued)) 
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TABLE  G-2.6.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  3 1  (Continued)) 
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TABLE  G-2.6.  STUDffiS  USING  ACCRETED  OR  SIMULATED  ICE 
Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil, 

Performance  Data  From  Figure  3 1  (Continued)) 
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TABLE  G-2.6.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  3 1  (Continued)) 
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TABLE  G-2.6.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  31  (Continued)) 


G-128 


1  g/m3 


TABLE  G-2.6.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Ref.  122,  Olsen,  Shaw,  and  Newton,  NASA  TM  83556,  1984,  NACA  0012  Airfoil,  c  =  21  in 

Performance  Data  From  Figure  3 1  (Continued)) 


G-129/G-130 


TABLE  G-2.7.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Refs.  150  and  151,  Shin  and  Bond,  NASA  TM  105374  and  TM  105743,  1984,  NACA  0012  Airfoil,  c  =  21  in 
Drag  Data:  Figures  6  and  7  (TM  105374)  and  Table  2  (TM  105743)) 
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TABLE  G-2.7.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Refs.  150  and  151,  Shin  and  Bond,  NASA  TM  105374  and  TM  105743,  1984,  NACA  0012  Airfoil,  c  =  21  in 
Drag  Data:  Figures  6  and  7  (TM  105374)  and  Table  2  (TM  105743)  (Continued)) 
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TABLE  G-2.7.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Refs.  150  and  151,  Shin  and  Bond,  NASA  TM  105374  and  TM  105743,  1984,  NACA  0012  Airfoil,  c  =  21  in 
Drag  Data:  Figures  6  and  7  (TM  105374)  and  Table  2  (TM  105743)  (Continued)) 
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TABLE  G-2.7.  STUDffiS  USING  ACCRETED  OR  SIMULATED  ICE 
(Refs.  150  and  151,  Shin  and  Bond,  NASA  TM  105374  and  TM  105743,  1984,  NACA  0012  Airfoil,  c  =  21  in 
Drag  Data:  Figures  6  and  7  (TM  105374)  and  Table  2  (TM  105743)  (Continued)) 
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TABLE  G-2.7.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Refs.  150  and  151,  Shin  and  Bond,  NASA  TM  105374  and  TM  105743,  1984,  NACA  0012  Airfoil,  c  =  21  in 
Drag  Data:  Figures  6  and  7  (TM  105374)  and  Table  2  (TM  105743)  (Continued)) 
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TABLE  G-2.7.  STUDffiS  USING  ACCRETED  OR  SIMULATED  ICE 
(Refs.  150  and  151,  Shin  and  Bond,  NASA  TM  105374  and  TM  105743,  1984,  NACA  0012  Airfoil,  c  =  21  in 
Drag  Data:  Figures  6  and  7  (TM  105374)  and  Table  2  (TM  105743)  (Continued)) 
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TABLE  G-2.7.  STUDIES  USING  ACCRETED  OR  SIMULATED  ICE 
(Refs.  150  and  151,  Shin  and  Bond,  NASA  TM  105374  and  TM  105743,  1984,  NACA  0012  Airfoil,  c  =  21  in 
Drag  Data:  Figures  6  and  7  (TM  105374)  and  Table  2  (TM  105743)  (Continued)) 
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APPENDIX  H— AERODYNAMIC  CHARACTERISTICS  FOR  CONSIDERATION  IN 
DETERMINING  CRITICAL  ICE  SHAPES  FOR  14  CFR  PART  23, 
SUBPART  B  REQUIREMENTS 


This  table  lists  14  Code  of  Federal  Regulations  (CFR)  Part  23,  Subpart  B  requirements  and 
suggests  aerodynamic  characteristics(s)  for  consideration  in  the  determination  of  critical  ice 
shapes  in  meeting  the  requirements.  Specifically,  the  table  describes  the  current  performance 
and  handling  characteristics  requirement  of  14  CFR  Part  23,  Subpart  B.  The  seven  columns 
under  the  general  heading  of  “Aerodynamic  Characteristics”  are  the  primary  characteristics 
related  to  the  specific  section  of  the  rule.  The  table  is  presented  in  order  to  illustrate  an  approach 
,  to  determination  of  critical  ice  shapes,  and  suggest  aerodynamic  characteristics  that  may  be 

considered.  A  similar  table  could  be  construct  for  14  CFR  Part  25,  Subpart  B.  There  may  be 
cases  where  it  would  be  advisable  to  consider  additional  characteristics,  and  other  cases  where  it 
f  might  be  determined  that  it  is  not  necessary  to  consider  all  the  characteristics  listed. 

An  X  in  a  cell  indicates  that  the  characteristic  for  that  column  be  considered  in  determining 
critical  ice  shapes  to  be  used  in  meeting  the  requirement  for  that  row.  For  example,  for  23.145 
(longitudinal  control)  and  23.147  (directional  and  lateral  control),  the  following  columns  are 
checked:  Cinmx,  QL,  C*,  Ejf,  Stab.  This  implies  that  these  four  characteristics  should/must  be 
considered  in  determining  an  ice  shape  to  meet  these  requirements.  These  characteristics  may  be 
evaluated  for  degradation  with  respect  to  airfoil  sensitivity  due  to  ice  shape  or  protuberance  or 
roughness  representing  ice  shape. 

Section  23/25/27/29. 1419a  states:  “An  analysis  must  be  performed  to  establish,  on  the  basis  of 
the  aircraft’s  operational  needs,  the  adequacy  of  the  ice  protection  system  for  the  various 
components  of  the  aircraft.  In  addition,  tests  of  the  ice  protection  system  must  be  conducted  to 
demonstrate  that  the  aircraft  is  capable  of  operating  safely  in  continuous  maximum  and 
intermittent  maximum  icing  conditions,  as  described  in  Appendix  C  of  Part  25  of  this  chapter.” 
As  used  in  this  section,  “capable  of  operating  safely,”  means  that  the  aircraft  performance, 
controllability,  maneuverability,  and  stability  must  not  be  less  than  that  required  (in  part  23, 
subpart  B,  for  example). 

The  aerodynamic  characteristics  included  in  the  table  are: 

► 

Cimax  =  maximum  coefficient  of  lift 
Cd  =  coefficient  of  drag 
J  L/D  =  lift  to  drag  ratio 

asl  =  angle  of  attack  at  stall 
Ci,  =  hinge  moment  coefficient 
Cm  =  pitching  moment  coefficient 
Ejf  =  control  effectiveness 

Stab  =  appropriate  longitudinal  and  lateral  directional  stability  control  characteristics 
Also: 

N/APL  =  not  applicable 
N/R  =  not  required 
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23.57  Takeoff  path  Should  be  considered  if  engine  power  is  N/R  N/R  N/R  N/R  N/R  N/R  N/R 

used  for  icing  equipment  and  a  power 
loss  is  expected  because  of  it. 
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TABLE  H-l.  AERODYNAMIC  CHARACTERISTICS  FOR  CONSIDERATION  IN  DETERMINING  CRITICAL  ICE  SHAPES 

FOR  14  CFR  PART  23,  SUBPART  B  REQUIREMENTS  (Continued) 
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§ 

X 
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Description 

Flight  Characteristics 

General 

Controllability  and 
Maneuverability 

General 

Longitudinal  control 

Directional  and  lateral 
control 

Minimum  control  speed 

Acrobatic  maneuvers 

Control  during  landings 

Elevator  control  force  in 

maneuvers 

Rate  of  roll 

Trim 

Trim 

Stability 

General 

Static  Longitudinal 
stability 

Section 

23.141 

23.143 

23.145 

23.147 

23.149 

23.151 

23.153 

23.155 

23.157 

23.161 

23.171 

23.173 
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TABLE  H-l.  AERODYNAMIC  CHARACTERISTICS  FOR  CONSIDERATION  IN  DETERMINING  CRITICAL  ICE  SHAPES 

FOR  14  CFR  PART  23,  SUBPART  B  REQUIREMENTS  (Continued) 


23.253  High  speed  characteristics 


APPENDIX  I— WORKING  GROUP  RECOMMENDATIONS  FOR 
RESEARCH  INVESTMENT 


This  appendix  is  based  on  the  discussions  and  voting  in  the  12A  Working  Group  at  the  meeting 
held  in  Seattle  in  April  1998. 

1. 1  ■  PROPOSED  AREAS  OF  RESEARCH. 

Several  topics  for  research  were  proposed  by  members  of  the  working  group.  The  topics  were 
written  on  large  sheets  on  a  flip  chart  and  then  posted  around  the  room  to  facilitate  discussion 
and  voting.  The  topics  from  the  sheets  are  given  below. 

1 .  Measurement  of  ice  roughness 

•  quantification  (size,  density,  shape) 

•  reproduction 

•  aerotesting 

•  correlation  with  the  aero-effects 

•  comparison  to  simulation  techniques 

-  sandpaper 

-  walnut  shells 

-  other 

2.  a.  Parametric  variation  of  ice  accretion 

•  geometries  and  features  to  study 

•  resultant  aero-effects 

-  horn  angle 

-  horn  length 

-  horn  location,  x/c 

-  radius  of  horn 

-  effect  of  roughness  on  horn 

-  effect  of  irregularities 

-  assessment  of  Re  No.  effects 

-  scaling 

2. b.  Variation  of  airfoil  characteristics  with  the  list  of  2a.  (for  example:  t/c,  r/c,  camber, 

thickness  distribution,  etc.) 

3.  Verify/validate  parametric  variations  of  2a  and  2b  with  ice  shapes  formed  in  an  icing 
wind  tunnel. 


1-1 


4.  Relation  of  2D  to  3D  effects 

•  full  aircraft 

•  aero  tunnel 

•  flight 

5.  Effects  of  secondary  ice  (ice  on  nonlifting  components;  i.e.,  underneath  wings,  struts, 
etc.).  Change  in  drag  is  concern. 

6.  Effect  of  droplet  spectra  on  ice  accretion 

7.  Aero  Scaling 

•  2D  to  3D 

•  roughness 

•  one  law  for  lift,  another  for 

•  hinge  moment 

8.  Ice  shape  scaling  methods 

•  good  to  1/2  or  1/3  scale,  1/6  scale 

•  borderline 

•  gross  ice  shapes  vs.  more  detailed 

•  representations 

9.  Screening  process  for  aircraft  configuration  icing  sensitivity. 

1 0.  Computational  capabilities 

•  icing  simulation 

•  aero  simulation  with  ice  accretion 

•  2D 

•  3D 

1 1 .  Steady  and  unsteady  phenomena 

12.  Asymmetric  ice  accretion  on  aircraft 

13.  Ice  accretion  fracturing  (shed  ice). 

1.2.  VOTING  RESULTS  FOR  PROPOSED  RESEARCH  AREAS. 

It  was  decided  that  these  proposed  research  areas  would  be  prioritized  by  voting  within  the 
working  group.  Each  member  was  given  an  opportunity  to  prioritize  the  research  areas  from  first 
to  last.  The  results  in  the  table  below  were  determined  as  follows:  A  first  place  vote  counted  ten 
points,  a  second  place  vote  counted  nine  points,  ...,  a  tenth  place  vote  counted  one  point,  any 
lower  place  vote  was  allotted  zero  points. 
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Some  members  treated  2a  and  2b  separately,  others  as  a  single  item.  Some  did  not  prioritize 
from  top  to  bottom,  stopping  with  their  “top  ten.”  Therefore,  the  results  for  lower  vote  getters 
are  lower  than  they  might  be. 

It  was  suggested  that  it  would  be  of  interest  to  see  how  the  industry  voting  compared  to  that  of 
the  entire  group,  and  this  is  shown  in  the  fourth  column. 


All  Members 

Industry  Members 

1 

Ice  roughness 

112 

38 

2a 

Parametric  variation 

140 

50 

2b 

Variation  of  airfoil  characteristics 

107 

16 

3 

Verify/validate  parametric  variations 

106 

14 

4 

2D  to  3D 

53 

10 

5 

Secondary  ice 

21 

0 

6 

Droplet  spectra  effect  on  ice 

18 

16 

7 

Aero  scaling 

106 

36 

8 

Ice  shape  scaling 

76 

38 

9 

Screening:  ice  sensitivity 

42 

0 

10 

Computational  capabilities 

43 

7 

11 

Steady  and  unsteady  phenomena 

6 

0 

12 

Asymmetric  ice  accretion 

7 

0 

13 

Ice  accretion  fracturing 

9 

0 

1.1.1  RECOMMENDATIONS  BASED  ON  VOTING  RESULTS  AND  DISCUSSION  FOR 

PROPOSED  RESEARCH  AREAS. 

The  voting  on  proposed  areas  of  research  suggest  three  categories  of  support. 

A.  Wide  support 

1 .  Measurement  of  ice  roughness 

2a.  Parametric  variation  of  ice  accretion 

2b.  Variation  of  airfoil  characteristics  with  the  list  of  2a  (for  example:  t/c,  r/c, 
camber,  thickness  distribution,  etc.) 

3.  Verify/validate  parametric  variations  of  2a  and  2b  with  ice  shapes  formed  in  an 
icing  wind  tunnel 

7.  Aero  Scaling 

B.  Reasonable  support 

8.  Ice  shape  scaling  methods 

C.  Limited  support 

All  remaining  items  (4,  5,  6,  9,  10,  11,  12,  and  13) 
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The  items  in  category  A  were  extensively  discussed,  and  with  the  exception  of  aerodynamic 
scaling  are  clearly  inter-related.  The  large  vote  for  each  is  an  indication  of  a  consensus  of  those 
present.  The  item-in  category  B  was  also  quite  fully  discussed,  and  strongly  supported  by  the 
representative  of  the  helicopter  industry  and  others.  However,  some  of  the  items  in  category  C 
were  only  briefly  discussed,  and  ranking  them  among  themselves  based  on  this  vote  may  be 
questionable.  However,  as  they  did  not  enjoy  the  general  support  of  the  items  in  categories  A 
and  B,  they  will  not  be  included  in  the  research  recommendations. 

The  items  in  category  A  all  require  experimental  work.  Data  of  a  high  quality,  from  wind 
tunnels  capable  of  high  Reynolds  numbers,  are  needed  to  adequately  assess  questions  as  to  the 
influence  of  ice  shape  features  on  the  aerodynamic  effects  of  ice  shapes.  National  Aeronautic 
and  Space  Administration  Glenn  Research  Center  (NASA  GRC)  and  Federal  Aviation 
Administration  William  J.  Hughes  Technical  Center  (FAATC)  should  carry  out  cooperative 
research,  utilizing  both  the  Icing  Research  Tunnel  (IRT)  and  a  tunnel  such  as  the  Low 
Turbulence  Pressure  Tunnel  (LTPT),  to  meet  the  objectives  listed.  Note  that  this  is  consistent 
with  the  need  for  experimental  data  as  described  in  the  main  body  of  this  report  for  both  the 
“airfoil  sensitivity  approach”  and  the  “comprehensive  aerodynamic  approach”  to  critical  ice 
shapes. 

Fundamental  work  is  needed  in  the  measurement  and  quantification  of  ice  roughness.  Progress 
may  be  possible  through  the  use  of  new  laser  scanning  systems.  To  obtain  aerodynamic 
correlations,  icing  tests  in  the  IRT  should  be  used  to  develop  castings  for  use  in  a  tunnel  such  as 
the  LTPT. 

Scaling  questions  as  listed  in  categories  A  and  B  have  long  bedeviled  icing  engineering  and 
research.  Although  progress  has  been  made,  and  NASA  is  currently  preparing  a  scaling  manual, 
fundamental  questions  remain.  Industry  comments  during  the  discussion  underlined  the  needs  of 
general  aviation  and  commuter  aircraft  manufacturers  for  reliable  scaling  methods.  These  needs 
are  perhaps  most  critical  in  the  helicopter  industry,  where  reliance  upon  scaling  methods  is 
unavoidable  and  some  of  the  issues  are  quite  complex.  Transport  manufacturers  also  must  utilize 
scaling  methods. 

NASA  GRC  and  FAATC  should  work  with  industry  in  formulating  an  effective  strategy  for 
research  that  will  lead  to  improved  practical  scaling  methods  for  both  fixed  wing  aircraft  and 
rotorcraft.  The  approach  will  probably  combine  analytical  and  experimental  efforts,  and  should 
build  on  past  efforts. 
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APPENDIX  J— ADDITIONAL  RECOMMENDATIONS  FROM  INDUSTRY 


The  following  recommendations  were  made  by  members  of  industry  in  subgroup  reports  which 
are  not  included  in  their  entirety  in  the  final  report.  Most  of  them  were  discussed  at  various 
times  during  the  two  meetings  of  the  working  group,  and  they  are  believed  to  enjoy  quite  a  wide 
support  in  industry.  Some  are  directed  primarily  at  the  Federal  Aviation  Administration  (FAA) 
Certification  Service,  while  others  are  directed  more  at  the  research  community,  especially 
National  Aeronautic  and  Space  Administration  (NASA)  Glenn  and  the  FAA  William  J.  Hughes 
Technical  Center. 

>  A  simulated  ice  shape  definition  process,  which  is  clearly  defined  and  endorsed  by  the  FAA,  is 

needed. 

t  •  Some  improvements  are  needed  in  defining  the  ice  shape  surface  features  and  roughness. 

In  order  to  define  other  ice  shapes  with  codes,  analytical  methods  need  validated  improvements 
that  model  (1)  complex  three-dimensional  (3D)  ice  accumulations,  (2)  residual  ice  from  anti-ice 
system  operation  (runback  ice),  (3)  residual  ice  from  deice  system  operation,  and  (4)  effects  of 
larger  droplet  sizes. 

Continued  improvements  of  the  codes  are  desirable,  especially  in  the  heat  transfer  and  roughness 
models.  Improvements  to  ice  accretion  predictions  are  required  for  three-dimensional  geometry 
with  multi-time  stepping  capability. 

Further  enhancements  and  validations  are  especially  required  for  prediction  codes  due  to 
inadequate  modeling  of: 

•  Droplet  breakup  and  droplet  splash,  considered  as  the  major  change  with  these  new 
conditions. 

•  Surface  physics  (improvement  of  ice  growth  governed  by  the  heat  and  mass  balance 
based  on  Messinger  equations)  by  taking  micro  physical  ice  growth  into  account  with 
these  new  conditions. 

•  Water  run  back,  which  includes  shedding  of  excess  water  and  ice  from  the  airfoil  surface. 

1  •  Ice  roughness  development,  and  heat  transfer  rates  and  evaporative  cooling  associated 

with  a  rough  surface. 

•  Thermodynamic  and  mass  balance. 

There  is  a  need  to  improve  the  accuracy  of  the  flow  field  module  used  in  the  icing  code.  In  fact 
none  of  the  codes  model  the  viscous  flow  effect  (in  particular  separation  and  reattachment),  and 
the  codes  thus  predict  a  flow  velocity  larger  than  the  actual  velocity  with  an  over  estimation  of 
the  heat  transfer  coefficient  ( h ).  The  use  of  a  viscous  code  could  improve  the  situation,  and  thus 
contribute  to  the  extension  of  the  usable  domain,  which  is  today  roughly  limited  to  M=0.4 
associated  airfoil  angle-of-attack  (AOA)  =  4  to  5  degrees.  This  limitation  is  therefore  directly 
linked  to  a  combination  of  Mach  number  and  AOA. 
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